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Characterizing the Combined Roles of Iron and Transverse Mixing on Uranium Bioremediation 
in Groundwater using Microfluidic Devices

Rationale for this Project
In situ bioremediation of U(VI) involves amending groundwater with an appropriate electron 

donor (and any other limiting nutrients) to promote biological reduction to the less  soluble and 
mobile U(IV) oxidation state. Groundwater flow is laminar; mixing is controlled by hydrodynamic 
dispersion. Recent studies indicate that transverse dispersion along plume margins can limit 
mixing of the amended electron donor and accepter (such as  U(VI) in remediation applications). 
As a result, microbial growth, and subsequently contaminant degradation, may be limited to 
these transverse mixing zones  during bioremediation. A variety of electron donors have been  
shown to promote reduction of U(VI) to U(IV). These include acetate, lactate, H2, ethanol,
Fe(ll), and possibly hydroquinones. In the absence of iron, microbial growth is expected to 
occur only in the region where the electron donor and U(VI) mix through transverse dispersion.
In the presence or Fe(lll), microbial growth occurs not only in the transverse mixing zone, but 
also in regions where Fe(ll) is generated. This is expected because the electron donor reduces 
Fe(lll) to Fe(ll), and sorbed Fe(ll) species  can subsequently reduce U(VI) to U(IV). Since Fe(ll) 
will only be produced where electron donor is present, the transverse region of growth may 
grow if e x cess  Fe(ll) diffuses transverse to the direction of flow over time. As a result, U(VI) 
reduction kinetics is expected to be faster, and occur over larger regions, in the presence of 
iron. How biotic and abiotic reduction processes contribute to these processes was not clear at 
the onset of this work.

Also, it was not clear how biomass and U(IV) and/or Fe(ll) precipitates affect transverse 
mixing, and subsequent rates of U(VI) reduction. As Fe(lll) and U(VI) reduction proceed the 
surface(s) of the biomass may become coated in precipitates such as uraninite (U 0 2(S)) or 
siderite (F eC 03(S)). The mixing inhibition promoted by these surface precipitates may inhibit 
further U(VI) reduction, such that the process becom es self-limiting over time. We were able to 
monitor the production of precipitates along with the biomass within the pore network, and 
characterize the mineralogy of som e of the solids.

Re-oxidation of U(IV) has been observed in sediment when oxic or nitrate-bearing water is 
re-introduced to the system and the electron donor concentration is too low to maintain 
reduction of all electron acceptors. There are several reports of pure or enrichment cultures as  
well that re-oxidize U(IV) to U(VI) with nitrate as the electron acceptor. Fe(ll) oxidation,
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alternatively, is primarily an abiotic reaction at circumneutral pH. Although Fe(ll) is a biological 
electron donor for lithotrophic organisms, it is quickly oxidized to Fe(lll) by oxygen and the 
kinetics of the abiotic reaction is significantly faster than the biological reaction. However, when 
nitrate is the electron acceptor, the dominant Fe(ll) oxidation pathway is biotic. As a result,
U(IV) is expected to readily oxidize to soluble U(VI) along plume margins when electron donor 
amendment ceases ,  and nitrate-reducing or oxic conditions return to the system. In the 
presence of iron, oxidation of U(IV) is expected to lag behind the oxidation of adsorbed Fe(ll) on 
the surface of the biofilm and possibly throughout the biofilm.

In the completed work, transverse mixing zones along plume margins were re-created in 
microfluidic pore networks, hereafter referred to as micromodels. While investigation of 
transverse mixing zones  in larger scale flow-cells is possible, our recent work indicated that the 
transverse width of microbial growth can be on the order of a few pore bodies. Micromodels 
also offered the advantage that their surfaces can be coated with a variety of metal oxides, 
including silicon and iron oxides, and their pore dimensions can be exactly controlled. We 
conducted a series of experiments that allowed us to distinguish among the hydraulic, 
biological, and geochemical mechanisms that contribute to U(VI) reduction, U(IV) re-oxidation, 
U(VI) precipitation with the limiting biological nutrient phosphorous (as HPO42"). This systematic 
approach may lead to a better understanding of U(VI) bioremediation, and better strategies for 
electron donor amendment to maximize bioremediation efficiency.

Technical Significance
The work expanded the current state of knowledge in the field of uranium bioremediation 

and biogeochemistry by determining the combined influence of hydraulics, biology, and 
geochemistry on uranium precipitation. The DOE has supported a number of investigators 
examining uranium bioremediation. The projects have expanded to the point where specific 
microbial communities have been identified, specific influences and amendments have been 
investigated in situ, and individual reaction mechanisms have been elucidated. The highly 
controlled and detailed investigations described below will allow practitioners to develop in situ 
uranium bioremediation strategies where processes can be adequately modeled prior to the first 
amendments being added. To allow this kind of accuracy in situ, however, the specific reaction 
mechanisms and kinetics must be defined correctly to prevent the application of unsuccessful 
strategies at individual sites.

Objectives and Hypotheses

The primary objective of this work w as to characterize the combined effects of hydrology, 
geochemistry, and biology on the (bio)remediation of U(VI). Our underlying hypothesis was that 
bioremediation of U(VI) in groundwater is controlled by transverse mixing with an electron donor 
along plume margins, and that iron bioavailability in these zones affects U(VI) reduction kinetics 
and U(IV) re-oxidation. Our specific objectives were to a) quantify reaction kinetics mediated by 
biological versus geochemical reactions leading to U(VI) precipitation, UV(VI) reduction and 
U(IV) re-oxidation, b) understand the influence of bioavailable iron on U(VI) reduction and U(IV) 
re-oxidation along the transverse mixing zones, c) determine how transverse mixing limitations 
and the presence of biomass or mineral precipitates in pores affects these reactions, and d) 
identify how microbial populations that develop along transverse mixing zones are influenced by 
the presence of iron and the concentration of electron donor.

Methods and Scope of Work
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Overview. Our general approach was to divide the work into distinct tasks associated with 
the micromodel experiments. All tasks 1-3 used a pure culture with highly-controlled, defined 
chemistry micromodels. We targeted U(VI) reduction in micromodels with and without Fe(lll) 
present. We also studied abiotic U(IV) precipitation in the presence of phosphate. The 
influence of electron donor (concentration and duration of amendment) as well as abiotic 
reactions with sulfides or reduced hydroquinones in the presence and absence of Fe(lll) was  
investigated in batch studies.

All experiments were conducted under strict anaerobic conditions using established 
laboratory procedures. Specialized procedures and equipment were also used to avoid sample  
exposure to air outside of anaerobic glovebox environments. In experiments where oxic water 
w as introduced to micromodels, the water injected had approximately 8.0mg/L dissolved 
oxygen, but the micromodels were still maintained in an anoxic environment. All aqueous  
samples were collected using an anaerobic syringe and needle; solid samples were collected 
inside of a glovebox chamber or using a modification of the Hungate technique.

Micromodel Description. Microfluidic pore structures developed in our previous work were 
used to address the specific aims, so the synthesis and basic analysis methods are detailed 
here. For synthesis of microfluidic pore structures, digitized images of a periodic and aggregate  
pore structures were previously transferred to chrome-platted glass masks. Each mask served 
as a template to transfer the image via ultra-violet light exposure to a silicon wafer coated with 
photoresist. The exposed photoresist w as removed with a developer, and then the imprinted 
pore structure w as etched into silicon using inductively coupled plasma -  deep reactive ion 
etching (ICP-DRIE). After etching, the pore structure w as either exposed to air at 1000°C to 
develop a silicon dioxide layer on the surface, or subjected to DC magnetron sputtering to 
create an iron oxide layer. The oxygen content and temperature during sputtering were tailored 
to create a-Fe 2 0 3  (hematite). After being flushed with buffered water it was expected to become  
at least partially Fe(OH)3, poorly crystalline Fe(lll) (hydr)oxide. Selected locations of the pore 
network were coated with a-Fe 2 0 3  by re-coating the pore network with photoresist and 
developing only the areas to be coated before sputtering. Both silicon and iron oxide layers 
were hydrophilic and have surface properties similar to those of silicate and iron mineral oxides 
found in soil and groundwater sediments. After creation of the oxide layers, glass was  
anodically bonded to the etched pore structure surface. The bonded pore structure w as then 
w as placed into an aluminum manifold equipped with ultra-low dead volume connection ports to 
deliver and carry away fluid. A photograph of a microfluidic device loaded into a flow manifold is 
shown in the attached manuscript.

We evaluated microbial growth and U(VI) precipitation with phosphate in micromodels with a 
hom ogeneous pore network consisting of a periodic array of cylinders; an SEM image of this 
pore structure is shown in the attached manuscript. Pores in these structures were 
characterized by a variety of water velocities and shear, and were expected to cause changes in 
the locations of substrate mixing and growth along the transverse mixing zone. Each pore 
structure had two inlets and inlet channels, and one outlet and outlet channel. This allowed us 
to introduce two parallel and adjacent water streams (e.g., 1 with U(VI), 1 with e" donor) into the 
microfluidic pore structure and to set up a transverse mixing zone. Each inlet w as fed from a 
separate syringe pump to achieve an average linear velocity, v, of 0 . 1  cm/min ( ~ 2 0  ml/hour), 
expect where noted otherwise. This flow rate w as representative of those found in sandy 
aquifers, and growth occurred in a reasonable time period (i.e., within weeks) at this velocity.
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For biotic experiments, growth substrates were introduced into the microfluidic pore 
structure for a period of 5-20 days. The culture used w as the environmentally relevant 
Geobacter metallireducens, and we expected it to attach to micromodel surfaces and grow in 
the microfluidic pore structures. After inoculation, each microfluidic device w as purged via the 
inlets as described below to stimulate growth and U(VI) reduction along the transverse mixing 
zone. Reflected light differential interference contrast (DIC) microscopy w as used to image the 
location of total biomass in the pore structures. Epifluorescent microscopy w as used to monitor 
the distribution of specific organisms and activity as detailed under each specific aim.

For abiotic experiments, U(VI) was introduced into one inlet of the micromodel, and HPO4 2" 
w as introduced into the other. In separate experiments, calcium (Ca2+) or sulfate (SO 4 2") was  
introduced into both inlets with U(VI) and H P 042" to evaluate the effect on U(VI) precipitation. 
Precipitation w as allowed to progress for up to 35 hours, and the morphology of precipitates, 
crystals formed, and effect on mixing w as evaluated. As before, reflected DIC microscopy was  
used to image the location of precipitates in the pore structures. Epifluorescent microscopy was  
used to monitor fluid flow, and Raman spectroscopy was used to identify crystals formed.

Controls were run for all biological experiments and included: buffer alone, U(VI) alone (no 
electron donor amendment), and electron donor alone (no U(VI) amendment. The controls 
were not separate micromodels that ran simultaneously, but rather controls that were run prior 
to the onset of the full suite of experimental conditions. For example; U(VI)-only controls were 
run for several days prior to adding cells or electron donor and the effluent w as monitored for 
changes in U(VI). Once we had data demonstrating no U(VI) loss in the absence of cells plus 
electron donor, w e added the cells plus electron donor or chemical amendments and continued 
the experiment. This method w as used for all controls, as  the total number of micromodels that 
can be synthesized and run w as limited.
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Results of this Project

General findings regarding microfluidic devices
1. Microfluidic devices were constructed using etched silica or etched silica on which ferric 

iron w as sputtered; x-ray diffraction analysis demonstrated that the dominant form of 
Fe(lll) present on the surfaces of the micromodel posts was hematite.

2. “Solid phase iron’’-free microfluidic devices were used to a s s e s s  the rate and extent of 
biomass development when Geobacter metallireducens w as inoculated with acetate and 
Fe(lll) citrate as the electron donor/acceptor pair meeting and mixing along the 
transverse mixing line within the micromodels. Initial experiments were failures in that 
the cells were added initially at too high a concentration and the biomass grew along the 
inlet chambers, essentially blocking all flow through the microfluidic devices. This is 
shown in Figure 1 below

Figure 1. Dense growth of Geobacter metallireducens in the micromodel pore structure.

We re-assessed  biomass inoculation and switched to a strategy where a resting cell 
suspension, diluted to low biomass ( 1 0 4 - 1 0 s cells per ml.) was inoculated into the system  
prior to the onset of adding electron donor or electron acceptor. Cells developed along 
the transverse mixing line in the expected orderly manner, in which biomass w as greater 
near the influent ports and became more dilute at the distal end of the chamber. This is 
shown in Figure 2 below.

Figure 2. Growth of Geobacter metallireducens along the central mixing zone of the
micromodel pore structure.

3. Studies done with Raman spectroscopy indicated that the m ass accumulating on the 
posts w as biomass, as peaks for all major biomolecules were present. The biomass
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developed in a manner consistent with flow through the posts (pore spaces) -  the 
biomass w as high on the leading edge of the flow and sheared as  the pore throats 
decreased; biofilms on the downgradient edge of the flow (posts) tailed off, consistent 
with how water is expected to move through these pore spaces. A Raman spectra 
showing biomass developed in the pore structure is shown in Figure 3 below.

Figure 3. Raman backscattering spectroscopy of biomass grown in micromodel. The 
peaks at 1004 and 1155 cm " 1 are assigned to aromatic structures in the cell membrane, 

which are fairly stable to laser excitation. The peak at 1509 cm ' 1 can be assigned to 
nucleic acids, which are destroyed under laser light at this wavelength.

4. U(VI) was tested as the sole electron acceptor and does support growth, in the expected  
manner along the transverse mixing line; however, issues with uranyl phosphate 
precipitation confounded interpretation of results, and led to a series of experiments 
investigating the mineral phases that result during phosphorus mediated uranyl 
precipitation.

5. U(VI) precipitation in the presence of HR042" occurred over the time scale of hours to 
days. Relative to when only U(VI) and HR042" were present, precipitation rates were 2.3 
times slower when S 0 42" was present, and 1.4 times faster when Ca2+ was present; 
larger crystals formed in the presence of S 0 42". Raman backscattering spectroscopy and 
micro-X-ray diffraction results both showed that the only mineral precipitated was  
chernikovite, U 0 2 H P 0 4  - 4H 2 0; energy dispersive X-ray spectroscopy results indicate 
that Ca and S are not incorporated into the chernikovite lattice. A pore-scale model was  
developed, and simulation results of saturation ratio (SR = Q/Ksp) suggest that 
chernikovite is the least thermodynamically favored mineral to precipitate (0 < SR < 1) 
compared to uranyl hydrogen phosphate and Na-autunite (13 < SR < 40), and uranyl 
orthophosphate and Ca-autunite (when Ca2+ is present; SR > 105). Fluorescent tracer 
studies and laser confocal microscopy images showed that densely aggregated 
precipitates blocked pores and reduced permeability. The results suggest that uranium 
precipitation with phosphate as chernikovite is rapid on the time scale of remediation for 
the conditions considered and can block pores, alter fluid flow paths, and potentially limit 
mixing and precipitation.

A manuscript detailing the results is attached.

General findings using batch experiments for aqueous uranium
1. Experiments were conducted with uranyl adsorption on ferrihydrite versus aluminum 

oxide to a s s e s s  the capacity for microorganisms and extracellular electron shuttling 
compounds to directly reduce U(VI) adsorbed to the surface of oxide solids. Initial data 
demonstrated that 99% of the U(VI) remains adsorbed (in HERBS buffered solution) and 
up to 90-95% of the adsorbed U(VI) can be recovered in solution when extracted with
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bicarbonate buffer. The next phase of the experiments introduced the hydroquinone to 
characterize whether adsorbed U(VI) can be reduced directly, or whether Fe(lIl)/Fe(lI) is 
necessary to catalyze U(VI) reduction. U(VI) was not reduced in the attached 
(adsorbed) form based on the specific buffer used.

2. The hydroquinone reduced U(VI) at greater than 90% reduced in the aqueous phase in 
HERBS buffer; in 30mM bicarbonate buffer aqueous U(VI) it was not reduced.

3. Adsorbed U(VI) on both aluminum and iron acts in the sam e manner; HERBS buffered 
suspensions were readily reduced, while bicarbonate buffered suspensions are not 
reduced to a significant extent.

4. The role of HERBS versus bicarbonate is being investigated further as  this will affect 
future experiments run by DOE investigators .
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[i] The abiotic precipitation of uranium (U( VI)) was evaluated in a microfluidic pore 
network ( i.e., micromodel) to assess the efficacy of using a phosphate amendment to 
immobilize uranium in groundwater. U( VI) was mixed transverse to the direction of flow 
with hydrogen phosphate (1IP0 | ), in the presence or absence of calcium ( Ca2+) or sulfate 
(S 0 4 2  ), in order to identify precipitation rates, morphology and types of minerals formed, 
and effects of mineral precipitates on pore blockage. Precipitation occurred over the time 
scale of hours to days. Relative to when only U( VI) and 1IP0 4 2  were present, precipitation 
rates were 2.3 times slower when S 0 4 2  was present, and 1.4 times faster when Ca2+ was 
present; larger crystals formed in the presence of S 0 4 2  . Raman backscattering 
spectroscopy and micro-X-ray diffraction results both showed that the only mineral 
precipitated was chernikovite, UO 2 HPO4  • 4H 2 0 ;  energy dispersive X-ray spectroscopy 
results indicate that Ca and S are not incorporated into the chernikovite lattice. A pore-scale 
model was developed, and simulation results of saturation ratio ( SR =  Q /K sp) suggest that 
chernikovite is the least thermodynamically favored mineral to precipitate (0 <  SR <  1) 
compared to uranyl hydrogen phosphate and Na-autunite (13 <  SR <  40), and uranyl 
orthophosphate and Ca-autunite (when Ca2+ is present; SR >  105). Fluorescent tracer 
studies and laser confocal microscopy images showed that densely aggregated precipitates 
blocked pores and reduced permeability. The results suggest that uranium precipitation with 
phosphate as chernikovite is rapid on the time scale of remediation for the conditions 
considered and can block pores, alter fluid flow paths, and potentially limit mixing and 
precipitation.

C itation: Fanizza, M. F., H. Yoon, C. Zhang, M. Oostrom, T. W. W ietsma, N. J. Hess, M. E. Bowden, T. J. Strathmann, K. T.
Finneran, and C. J. Werth (2013), Pore-scale evaluation o f  uranyl phosphate precipitation in a model groimdwater system, W ater Resour. 
R es., 49, doi:10.1002/wrcr.20088.

1. Introduction

[2] Contamination of groundwater and soil with uranium 
has resulted from anthropogenic activities such as uranium 
mining and milling and processing of uranium for nuclear 
weapons and energy programs [Wolbarst et al., 1999; 
National Research Council (NRC), 2010], as well as from
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natural processes in rock, soil, and water. Uranium contam­
ination causes health risks and presents serious public 
health concerns [Zimmerman et ah, 2007; NRC, 2008]. A 
great deal of resources has been directed toward identifying 
efficient in situ strategies to remove soluble U(VI) from 
groundwater, including promotion of in situ biological 
reduction (see summaries in Fang et al. [2009] and 
Diinham-Cheatham et al. [2011]), and abiotic reactions 
including adsorption and mineral precipitation [Morrison 
and Spangler, 1992; Naftz et ah, 1996; Gabriel et ah, 
1998; United States Environmental Protection Agency 
(USEPA), 2000; Simon and Biermann, 2005; Wellman 
et ah, 2008; Hiemstra et ah, 2009]. Among these 
approaches, abiotic precipitation has received considerable 
attention due to its success in uranium removal from soil 
and groundwater [Arey et ah, 1999; USEPA, 2000; Fuller 
et ah, 2002; Simon et ah, 2008].

[3] A variety of U(VI) mineral precipitates has been 
observed at sites where anthropogenic activities and/or 
weathering resulted in the release of uranium to the envi­
ronment, and in associated laboratory studies. Near several 
uranium mines (Apex Mine, Nevada, and Midnite Mine,
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Washington) where sulfate is present, the mineral uranopi- 
lite [(UO2 )6 SO4(OH)10 • 12H20] was found [Frost et al., 
2007]. Near the Coles Hill U deposit in Virginia, Ba uranyl 
phosphate (Ba meta-autunite, [Ba(U02)2(P04)2 • «H20 ] ) is 
present [Jerden and Sinha, 2003; Jerden et al., 2003; Jer­
den and Sinha, 2006]. In the vicinity of a secondary ura­
nium ore deposit at Koongarra, Australia, both Mg meta- 
autunite [Mg(U02)2(P04)2 • «H20] and nanocrystals of 
metatorbemite [Cu(U02)2(P04)2 • 8H20] were identified 
[.Murakami et al., 1997, 2005]. At the Hanford site in Wash­
ington, several silicon-containing U(VI) minerals were 
identified in the vadose zone directly above the water table, 
i.e., uranophane-type phases [Ca(U0 2 )2(Si0 3 0 H)2 (H2 0 )5] 
[Uni et al., 2010] and sodium boltwoodite [Na(U02) 
(SiOgOH) • 1.5H20] [Catalano et al., 2004], as well as a 
copper-containing mineral below a discharge pond, i.e., 
metatorbemite [Cu(U02)2(P04)2 • 8H20] [Ami et al., 
2007]. The facultative anaerobe Rahnella sp. Y9602, iso­
lated from soil at the Oak Ridge Field Research Center, was 
used to release orthophosphate by hydrolysis of glycerol-3- 
phosphate and promote abiotic precipitation of chernikovite 
[U02HP04 • 4H20] [Beazley et al., 2009]. In the presence 
of Ca2+, chernikovite can form the more stable mineral Ca 
meta-autunite [Ca(U02)2(P04)2 • «H20] via ion exchange 
[Martinez et al., 2007], i.e., the replacement of hydrogen in 
two unit cells of chernikovite with Ca2+. Among the afore­
mentioned mineral phases, those containing phosphate have 
received the most attention because they are stable under 
oxic conditions (e.g., in contrast to U 0 2), their precipitation 
rates are generally faster, and/or their solubilities are gener­
ally lower near circumneutral pH compared to nonphos­
phate-containing minerals; they are the focus of this effort.

[4 ] Phosphate has been amended as natural apatite mate­
rials (e.g., phosphate rock, bone meal, and bone meal char­
coal), including the mineral hydroxylapatite (HAP) [Ca 
(PCXdsOH], in batch and column studies [Fuller et al., 
2002; Arey et al., 1999; Simon et al., 2008] and in a per­
meable reactor barrier (PRB) wall [Fuller et al., 2003; 
USEPA, 2000]. In batch and column studies with low ura­
nium concentrations (e.g., <7 mg U(VI) g HAP-1), immo­
bilization occurred through U(VI) sorption to the HAP or 
natural apatite materials (e.g., bone char) [Fuller et al., 
2002, 2003; Simon et ah, 2008], not U(VI) precipitation. 
However, for higher U(VI) concentrations (e.g., 5500 mg 
U(VI) g bone char-1 ), and in the absence of dissolved car­
bonate, X-ray diffraction (XRD) results indicated that ura­
nium precipitated with phosphate as chernikovite, autunite, 
and/or saleeite [Mg(U02P 04)2 • 10H2O] [Fuller et ah, 
2002, 2003; Simon et ah, 2008]. Uranium precipitation can 
be inhibited in the presence of dissolved carbonate due to 
the formation of highly soluble uranyl carbonate complexes 
[e.g., Ca2U0 2(C0 3 )3(aq)] [Fuller et ah, 2003]. In Fry Can­
yon, Utah, a PRB wall containing a natural apatite material 
(i.e., bone char) was used to remove U(VI) in the presence 
of approximately 4.8 m M  total dissolved carbonate 
[USEPA, 2000]. Uranium in groundwater was reduced 
from as high as approximately 4.7 mg L-1 to as low as 
0.06 mg L-1. Sorbed uranium concentrations in recovered 
bone char were as high as 690 pg U(VI) g-1 . XRD and 
XAS (X-ray adsorption spectroscopy) were used to analyze 
reactive barrier wall material posttreatment, and no ura­
nium precipitates were observed. In batch studies, similar

results were obtained using the same materials and condi­
tions, but precipitates were observed when carbonate was 
removed [Fuller et ah, 2003]. This indicates that uranium 
removal occurred primarily by U(VI) sorption through sur­
face complexation with apatite surfaces, and U(VI) precipi­
tation as phosphate minerals is inhibited by the presence of 
dissolved carbonates.

[5] To overcome phosphate limitations associated with 
solid phase apatites, aqueous phase phosphate has been 
directly used to precipitate uranium from water in batch 
studies, amended to groundwater and uranium impacted 
Hanford sediments in batch and column studies [Fuller 
et ah, 2002], and amended to a uranium impacted ground­
water aquifer at Pacific Northwest National Laboratory’s 
Hanford site (300 area) in Washington state [Wellman 
et ah, 2007; Vermeul et ah, 2009]. In the batch study con­
taining only water, phosphate was added by first equilibrat­
ing water with apatite, and then the aqueous phase with 
phosphate was separated from apatite and amended with 
equimolar amounts of uranium [Fuller et ah, 2002]. Cher­
nikovite precipitation occurred when phosphate and ura­
nium concentrations each exceeded 100 pM. In batch 
studies with Hanford groundwater and sediments, multiple 
phosphate sources were evaluated, including sodium salts 
of orthophosphate, pyrophosphate, tripolyphosphate, trime­
taphosphate, and hexametaphosphate and calcium salts of 
dihydrogen phosphate, hydrogen phosphate, and pyrophos­
phate [Vermeul et ah, 2009]. The sodium salts of ortho­
phosphate, pyrophosphate, and tripolyphosphate resulted in 
the most uranium sequestration, and sequestration 
increased in the presence of calcium chloride. In column 
studies containing Hanford groimdwater and sediments, 
polyphosphates and calcium were sequentially flushed 
through the column and used to sequester uranium. Post­
treatment analysis of the sediments using short-wave UV 
radiation (254 nm) showed fluorescent green precipitates 
were present, indicative of uranium phosphate minerals. 
Similar to batch and column studies, uranium sequestration 
was also observed in Hanford 300 area groimdwater after 
polyphosphate addition. Mineral precipitation was indi­
cated by changes in permeability, suggesting pore block­
age, but no mineralogical data are available to assess 
removal mechanisms. In none of these studies, mineral pre­
cipitation rates were evaluated, and the effect of phosphate 
mineral precipitation on pore blockage was not further 
evaluated. Hence, it is not clear if phosphate addition under 
mixing limited conditions in groundwater resulted in ura­
nium precipitation, or if mixing limitations prevented wide­
spread precipitation and resulted in pore blockage.

[e] The objectives of this work were to quantify uranyl 
phosphate precipitation rates at the pore scale under repre­
sentative flow, mixing, and geochemical conditions, the 
corresponding effects of selected groundwater ions on these 
rates, the type and morphology of uranium minerals that 
precipitate, and the resulting pore blockage. Uranium pre­
cipitation with phosphate was promoted along a transverse 
mixing zone in a microfluidic pore network (i.e., micromo­
del) in the presence and absence of calcium and sulfate 
ions. Precipitation rates were quantified using brightfield 
reflected microscopy images, and mineral phases and com­
positions were evaluated in situ using Raman backscatter­
ing spectroscopy and ex situ using micro-X-ray diffraction
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Inlet A

Inlet
Outlet

Figure 1. (a) Schematic of micromodel with labeled inlets and outlets and (b) pore structure with a ho­
mogeneous array of pores. The pore structure in (a) is 2 cm long by 1 cm wide. The individual grains in 
(b) are 300 pm in diameter.

(p-XRD), environmental scanning electron microscopy 
(SEM), and energy dispersive spectroscopy. Pore blockage 
was evaluated using scanning confocal microscopy and 
breakthrough of a fluorescent tracer. The effects of calcium 
and sulfate were examined because they are common 
groundwater constituents, and because they are found in 
U(VI) minerals identified at several important field sites. A 
pore-scale reactive transport model with U speciation was 
used to evaluate the effects of pore-scale reactive transport 
on dominant U species in the pore space, and the degree of 
saturation with respect to different U(VI)-phosphate min­
eral phases. To our knowledge, this is the first study of ura­
nium phosphate precipitation in a flow cell amenable to 
direct visualization and analysis of mineral precipitates and 
is the first direct comparison of experimental precipitates 
with pore-scale reactive transport model predictions. The 
unique approach allows us to test the hypotheses that the so­
lution conditions (i.e., the presence of Ca2+ and S042 -) 
affect the type of minerals formed during precipitation, and 
the precipitation rate, morphology, and effects on flow and 
mixing.

2. M aterials and  M ethods

2.1. Materials
[?] Uranyl nitrate (U 02(N 03)2, Fluka), sodium phos­

phate dibasic (Na2HP04, Sigma-Aldrich), calcium chloride 
(CaCl2, Sigma-Aldrich), sodium sulfate (Na2S04, Sigma- 
Aldrich), and fluorescein (70%, Sigma-Aldrich) were ACS 
reagent grade (>99.0% purity) unless otherwise noted. All 
solutions were prepared in water treated with the Bamstead 
Nanopure purification system (18.2 MU cm).

2.2. Micromodel Fabrication
[s] Standard photolithography techniques were used to 

fabricate all micromodels in silicon, as described by Chom- 
surin and Werth [2003] and Willingham et al. [2008]. The 
etched micromodel and pore structure are illustrated in Fig­
ure 1; the pore structure consists of a homogeneous array 
of cylinders arranged in a staggered pattern. Individual cyl­
inders are 300 pm in diameter and spaced 180 pm apart in 
pore bodies and 40 pm apart in pore throats, resulting in a 
porosity of 0.39. The entire micromodel contains two inlet 
channels each with an inlet hole (A and B) drilled com­
pletely through the silicon using a 1.25 mm diameter dia­
mond plated drill, a 2 cm x 1 cm area containing the pore 
network, and an effluent channel with an outlet drilled

through the silicon wafer. The pore structure and inlet and 
outlet channels were etched to a depth of 35 pm. A 500 pm 
thick sheet of Pyrex glass was anodically bonded to the 
micromodel surface to create the flow channels. Nanoports 
(Upchurch Scientific) were attached to the back of the 
micromodel and held by adhesive. Teflon tubing (250 pm 
inside diameter) delivered fluid from two Milligat Flowpro 
pumps from solution reservoirs to each micromodel inlet 
via three-way PTFE (Polytetrafluoroethylene) valves.

2.3. Micromodel Experiments
[9] Precipitation experiments were performed using 

three different sets of inlet solutions listed in Table 1. Ura­
nyl nitrate (U 02(N03)2, 100 pM) and sodium phosphate di­
basic (Na2HP04, 100 p/17), were prepared in nanopure 
water. Calcium chloride (CaCl2, 100 p/17) was dissolved in 
a 100 pM  U 0 2(N 03)2 solution, and sodium sulfate 
(Na2S04, 100 p/17) was dissolved in a 100 pMNa2HP04 so­
lution to yield combined solutions. The concentration of 
U(VI) was chosen to represent those found at the Oak 
Ridge Field Research Center (84-210 pA7) [ Wit et al., 
2006]; it exceeds maximum concentrations found at the 
Hanford site 300 area (4.2 pA7) [Zachara et al., 2005] and 
the Fox Canyon site (23 pM) [USEPA, 2000], HP042", 
Ca2+, and S042- were added in a 1:1 molar ratio with 
U(VI). For comparison, Ca2+ concentrations include values 
from 0.25 to 4.2 m M  at the Hanford site [Moody et al., 
1996; Simon et al., 2008; Zachara et al., 2005] and 2.5 to 
41 mM  at the Oak Ridge site [USEPA, 2000]. For S042-, 
concentrations include values from 0.25 to 0.61 mM  at the 
Hanford site [U.S. Department o f  Energy, 1992; Zachara 
et al., 2005; Vermeul et al., 2007] and a value of 2.13 m M  
at the Oak Ridge site. Hence, experimental Ca2+ and 
S042- concentrations in this work are relatively low com­
pared to the U.S. Department of Energy (DOE) sites. All 
inlet solutions were maintained in bottles open to the

Table 1. Experimental Matrix W ith Inlet Conditions

Experimental
Name

Precipitation Conditions

Inlet A Inlet B

UP 100 |tM U 0 2(N 03)2, pH 4.5 100 pA/Na2HP04, pH 6.7
UCaP 100|tM U 0 2(N 03)2, 100 pA/Na2HP04, pH 6.7

100 pMCaCL, pH 4.1
UPS 100 |tA/U0 2(N 03)2, pH 4.5 100 pA/Na2HP04,

100 |LV/Na2S 0 4, pH 7.3
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atmosphere at 31°C±1°C, and micromodels were kept at 
room temperature (21°C±0.5°C); the heated solutions 
were pumped through tubing that allowed the solutions to 
cool to 21°C before entering the micromodels. This 
approach ensured that dissolved gas concentrations were 
below saturation at 21°C and eliminated the evolution of 
gas bubbles in the micromodels. This approach also 
resulted in total dissolved carbonate concentrations (i.e., 
Tot(C03)) less than 0.11 mM, which are low compared to 
the values up to and exceeding 10 m M  that can occur at 
some DOE sites such as Hanford and Rocky Flats [Zachara 
et al., 2005; Bostick et al., 2003]. The relatively low Ca2+ 
and Tot(C03) concentrations evaluated in this work allow a 
detailed analysis of uranium precipitation in the absence of 
other minerals. Higher Ca2+ and Tot(C03) concentrations 
are evaluated as part of our modeling effort to explore how 
these constituents may affect mineral precipitation.

[10] During precipitation experiments, inlet A was 
purged with U 02(N 03)2 alone or in combination with 
CaCl2. Inlet B was purged with Na2HP0 4  alone or in com­
bination with Na2S04. Experiments with U 0 2(N 03)2 and 
Na2HP04 are referred to as UP; those with CaCl2 added 
are referred to as UCaP; and those with Na2S04 added are 
referred to as UPS (Table 1). Precipitation in each experi­
ment was allowed to occur continuously for approximately 
28 h. The volumetric flow rate was 75 pL h-1 through each 
syringe, corresponding to a Darcy velocity of 0.71 cm 
min-1 in the micromodel pore structure. This is similar to 
flow velocities observed in sands with high conductivities, 
such as at the 300 area Hanford site. In all images, fluid 
flow is from left to right, and the fluid residence time is 
approximately 65 s in the pore structure. All experiments 
were performed in duplicate.

2.4. Micromodel Visualization
[11] Experiments were imaged with a Nikon microscope 

(Eclipse Ti) equipped with 4X, 10X, and 40X inverted 
objectives, a digital camera (Photometries Coolsnap HQ2), 
and an automated stage (Marzhauser Wetzlar). The com­
puter software NIS-Elements was used to control the 
microscope components and image acquisition. For exam­
ple, the software was programmed to execute 26 x 3 stage 
movements and 78 image-capture events with the 10X 
objective (0.6 pm pixel resolution) at each time point and 
to montage the individual images into a complete image of 
the entire pore network. Using the same microscope, pre­
cipitates were analyzed through the glass cover slip using 
Raman backscattering spectroscopy for mineral identifica­
tion. A laser of wavelength 532 nm was manually focused 
on an area with precipitate prior to each scan. The scattered 
light was collected by the focusing objective and passed 
through a Horiba Jobin Yvon LabRam-HR spectrometer 
with 1600 mm-1 gratings and captured by an air-cooled 
carbonate compensation depth. Collected spectra are an av­
erage of 10 or more exposures, each with a 10 s acquisition 
time. The Raman spectra were processed using the software 
program Lab Spec. Precipitates were analyzed ex situ using 
a Rigaku p-XRD system. X-rays were generated (Micro- 
Max 007HF operated at 35 kV and 25 mA) from a rotating 
Cr target (A =  2.2910 A) and focused through a 300 pm di­
ameter collimator. The X-ray beam cannot evaluate miner­
als through the glass cover slip, so the micromodel was cut

across the outlet channel and the glass in this region with 
fixed mineral precipitates was broken free and mounted on 
the stage of a Rigaku D/Max Rapid II goniometer for anal­
ysis. Diffraction data recorded on a 2-D image plate were 
integrated between 10° and 160° 29 to give powder traces. 
Exposure time for the samples was 10 min each. Compari­
son with database patterns (International Centre for Dif­
fraction Data (ICDD), Pennsylvania) was carried out using 
JADE v9.2 (Materials Data Inc., California). The same 
sample was evaluated using a FBI Helios Nanolab dual­
beam focused ion beam/SEM equipped with energy disper­
sive X-ray spectroscopy (EDXS). Samples were coated 
with carbon prior to analysis.

[12] Laser confocal imaging was used to determine 
whether mineral precipitates spanned the depth of the 
microfluidic pore structure and potentially blocked flow. 
The pore networks for UP, UCaP, and UPS experiments 
were filled with the fluorescein dye solution to provide con­
trast, and one upgradient pore and one downgradient pore 
were imaged using a Zeiss LSM710 multiphoton laser- 
scanning confocal microscope (Carl Zeiss Micro Imaging, 
Inc.). Slices of 1 pm thick were acquired with a 488 nm Ar 
ion laser for excitation and detected at 500-570 nm with a 
4OX long working distance water immersion objective 
(approximately 1 pm resolution). They were montaged to 
obtain 3-D images of the precipitates.

[13] Tracer tests were conducted with a fluorescein dye 
(10 pM) in order to determine whether mineral precipitates 
completely blocked pores. The dye was injected through 
inlet A at 100 pL h-1, and nanopure water was injected 
through inlet B at 50 pL h-1. When precipitates are not 
present, the fluorescent tracer occupies approximately two 
thirds of the pore structure. When precipitates block the 
pores, the fluorescent tracer is confined to the pore structure 
above the zone of precipitation along the centerline of the 
micromodel pore structure. The fluorescent dye was imaged 
using fluorescent microscopy and an ET-GFP (Green Fluo­
rescent Protein) filter.

2.5. Image Analysis
[14] Mineral precipitates are darker (lower in intensity) 

than silicon etched flow channels containing water and sili­
con grains. Shadows extending 0-10 pm around each grain 
were also present and of similar intensity to mineral precipi­
tates. A blank pore structure was created numerically, and 
grain sizes were adjusted to match grain plus shadow dimen­
sions in the individual images; image subtraction was then 
used to eliminate silicon grains and shadows from further 
evaluation. Image thresholding of gray-scale intensity was 
used to distinguish mineral precipitates from etched flow 
channels containing water, and the number of pixels with 
precipitates was summed. Thresholding was performed over 
the unit region (480 pm x 480 pm) surrounding each cylin­
der using the Otsu [1979] method, which minimizes overlap 
of gray-scale intensity distributions for mineral precipitates 
and water, and then the threshold values obtained from the 
Otsu method were decreased by 0%—10% to correct for any 
remaining shadow effects (the intensity of the shadow was 
slightly higher than for precipitates). The estimated error in 
precipitation area from uniformly adjusting threshold values 
from the Otsu method over the entire image was smaller 
than 5%, compared to the cases with manually adjusted
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threshold values from the Otsu method for each unit region. 
Total area was determined by multiplying the number of pix­
els by individual pixel area, and total volume was deter­
mined by assuming precipitates occupied the entire pore 
depth. It is unlikely that all precipitates spanned the entire 
pore depth, and observed gray-scale variations suggest pack­
ing density among mineral precipitates varied. Hence, esti­
mated areas and volumes are semiquantitative and must be 
interpreted with caution.

[is] Precipitation rates were relatively constant over 
much of the experimental time and were approximated by 
linear regression of precipitate area versus time data from 
duplicate experiments. The areas of individual crystalline 
precipitates were determined in approximately five pores 
along the micromodel length in each unique precipitation 
experiment. The range of area values that individual crys­
talline precipitates occupied was determined based on the 
visual inspection of more than 40 crystals for each experi­
ment. Image! [Rasband, 1997-2011] was used to count the 
area of each crystal, and an average area and standard devi­
ation were determined.

[16] The transverse distance of continuous precipitates in 
the horizontal center of each pore was measured to deter­
mine if the precipitate width changed from pore to pore 
along the length of each micromodel. The edges of the con­
tinuous precipitate were selected manually, and the Image! 
[Rasband, 1997-2011] was used to measure the distance.
2.6. Pore-Scale Reactive Transport

[17] Pore-scale reactive transport was simulated to deter­
mine initial distributions of reactive solutes and saturation 
ratios (SRs) for each experimental system in the micromo­
del. Since only the initial distributions were simulated, the 
reactive transport model output was not used to calculate 
the amount of precipitation that occurred or to distribute 
precipitate in the micromodel pore structure. Fluid flow and 
reactive transport were solved in two dimensions because 
concentration gradients in the vertical dimension (i.e., with 
micromodel depth) are eliminated by fast diffusion over 
very short length scales [ Willingham et al., 2008]. The lat- 
tice-Boltzmann method (LBM) was used to solve fluid 
velocities in the pore space as described in our previous 
work [Knutson et al., 2005]. Fixed pressure boundary con­
ditions were imposed along the inlet (x =  0) and outlet (x =  
L), and the resulting steady flow field was scaled to the Darcy 
velocity used in the experiment. A finite volume method 
(FVM) was used for reactive transport and is an extension of 
the model we developed to simulate biofilm growth [Knutson 
et al., 2005], bimolecular reactions [Willingham et al., 2008, 
2010], and heterogeneous reaction of calcium carbonate 
[Yoon et al., 2012]. In this study, we assume homogeneous 
reactions are instantaneous, and the reactive transport equa­
tions in terms of the total concentration of the primary spe­
cies ii'j) in the liquid phase ((>,,) are given by

V • (idf',-— •DVtf',-) =  0 infip, (1)

Yq
4'; =  Cj +  ’jiCj, (2)

i—\

where u is the steady velocity field from LBM, D  is the dif­
fusion coefficient, ?.)■, are the stoichiometric coefficients,

Cj and Cj are the solute concentrations of primary and sec­
ondary species in the liquid phase, respectively, and Neq is 
the number of secondary species (subject to equilibrium 
reaction). In this study, the same diffusion coefficient for all 
species was used to avoid the violation of charge balance 
[Lichtner, 1985; Liu et al., 2011]. Fixed concentrations and 
a zero gradient boundary condition were used at the inlet 
and outlet, respectively. The primary species (i.e., compo­
nent species) in the model include U 022+, H2P 04“ , Ca2+, 
S042-, H+, C 032-, N 03“ , and Na+. The secondary species 
concentrations (C;) are given through the mass action law as 
fimctions of the primary species concentrations,

Y
C - l 7 lK ^ { U c y \  (3)

7=1

where 7 , is the activity coefficient, and K t is the equilib­
rium constant. The activity coefficient is computed from 
the extended Debye-Hiickel (D-H) equation. All constant 
values in the D-H equation are from Helgeson and Kirk- 
ham [1974] and Helgeson et al. [1981]. Once total con­
centrations of primary species are solved (equations (1) 
and (2)), equation (3) was solved simultaneously using the 
Newton-Raphson method. Accuracy of calculation was 
verified by comparing the speciation results for three dif­
ferent solutions in Table 1 over a range of pH values (4- 
9) with those calculated using MINEQL+ [Schecher and  
McAvoy, 1999] and Geochemist’s Workbench [Bethke 
and Yeakel, 2009].

[is] The SR is defined as the ratio of ion activity product 
(O) to the saturation product (Ksp) and is given by

[19] An SR value less than one indicates that precipita­
tion is not thermodynamically favorable. Aqueous reac­
tions and stability constants used in this study are listed in 
Table A l. These were obtained from the EQ3/6 thermody­
namic database [Woleiy, 1992], the Nuclear Energy 
Agency database for uranium [Bernhard et al., 2001; Guil- 
laumont and Mompean, 2003], and Dong and Brooks 
[2006],

[20] We identified six uranium solid phases and HAP 
[Ca5(P04)3(0H)] as possible precipitates for the experi­
mental conditions evaluated in this work. The six uranium 
solid phases are chernikovite, uranyl hydrogen phosphate 
(UHP), uranyl orthophosphate (UOP), Na-autunite, Ca- 
autimite, and metaschoepite. Two other less thermodynami­
cally stable forms of calcium phosphate were initially eval­
uated because they may form in preference to HAP, i.e., 
amorphous calcium phosphate (Ca3(P04)2 • xH20) and 
octacalcium phosphate (Ca4H(P04)3 • 2.5H20) [Van Keme- 
nade and De Bm yn, 1987; Castro et al., 2012], but were 
not further considered because SRs for these solids were 
always much less than one under conditions considered in 
this work. The log K sp values of these minerals were 
obtained from a recent review and updated experimental 
data [Grenthe et al., 1992; Gorman-Lewis et al., 2008a, 
2008b, 2009; Zhu et a l, 2009]; they are listed in Table A2. 
In some cases, multiple K sp values were available in the
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log A"sp value of 
maximum SRs for this mineral. The log A"sp

literature; either the most recent, the medium, or a range 
was considered. For example, log A"sp values for chemiko- 
vite varied from —22.73 [Van Haverbeke et al., 1996] to 
—25.1 [Johnson, 2000]; a log Wsp value of —24.2 was used 
because it was recommended by Grenthe et al. [1992] and 
recently used by Guillaumont and Mompean [2003]. The 

25.1 was also evaluated to determine
values for

UHP, UOP, and Ca-autunite were reported as mean values 
(—25.52, —49.36, and —48.36, respectively), plus or minus 
two standard deviations from reported experimental data 
[Gorman-Lewis et al., 2009]. The mean and standard devia­
tion values were used in this work. Single values of log A"sp 
were used for Na-autunite and metaschoepite; they are 
from the literature and were used without consideration of 
errors. For F1AP, two log A"sp values obtained from the syn­
thetic F1AP dissolution experiments were used (—53.28 
from Zhu et al. [2009] and —58.0 from Valsami-Jones 
et al. [1998]).

2.7. Model Application Scenarios
[21] Simulations were performed in the first three pore 

bodies to reduce computational time. SRs are highest at 
this location because concentrations are highest near the 
inlets; this provides the maximum initial SRs and allows 
for direct comparison to minerals that precipitated in 
micromodel experiments. A uniform grid spacing of 
5 pm is used for both the LBM and FVM, which results 
in 60 grid cells across a grain and 7 grid cells across a 
pore throat. A grid spacing of 5 pm was previously used 
to simulate different biochemical reactions in an identical 
pore structure with adequate accuracy [Knutson et al., 
2005; Willingham et al., 2008, 2010; Yoon et al., 2012], 
Inlet conditions evaluated by the model are listed in 
Table 2. These include the experimental conditions and 
two additional conditions that consider either a higher 
concentration of Ca2+ (10 m M) or a higher concentration 
of Tot(C03) (5 m M) compared to the experimental UCaP 
conditions (i.e., Tot(Ca) =  0.1 m M  and Tot(C03) =  10-2 
m M). These two additional cases were simulated to eval­
uate thermodynamic favorability of mineral precipitation 
under Ca2+ and total carbonate concentrations more rep­
resentative of DOE field sites as described previously. 
Inlet concentrations of total primary species are com­
puted based upon both measured and calculated pFl val­
ues of inlet solutions. Calculated values were determined 
from inlet solution concentrations in Table 1 and carbon­
ate species concentrations based on equilibration of influ­
ent solutions with atmospheric (XL at 31°C. Differences 
in measured and calculated values are likely due to insuf­
ficient equilibration of influent solutions with the atmos­
phere and small errors in pFl measurement. We will 
show that these differences only marginally affect calcu­
lated SR values. The diffusion coefficients for all aque­
ous species are assumed to be equal and were set to 
1.0 x 10-5 cm2 s-1 as a reference value. Yoon et al. 
[2012] demonstrated that the diffusion coefficient can 
affect mineral precipitation rates. Consequently, two 
additional D  values of 0.3 x 10-5 and 2 x 10-5 cm2 s_1 
were evaluated; this represents the upper and lower 
bounds of D  values for elements of interest in radionu­
clide transport [Lerman, 1979].
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Figure 2. Brightfield reflected microscopy images (10X objective) of precipitate in the UP system after 
(a) 7.5 h and (b) 27.5 h.

3. R esults and D iscussion

3.1. Precipitate Morphology
[22] Brightfield reflected microscopy images for one of 

the UP experiments at two time points during precipitation 
are shown in Figure 2. Uranium and phosphate mixed along 
the horizontal center region of the micromodel pore struc­
ture due to diffusive mixing and precipitated in this region. 
Minerals formed first on the influent side of the micromo­
del pore network and later over the entire length of the pore 
network. Minerals formed more quickly upgradient because 
reactant concentrations were greater (i.e., greater SRs); dif­
fusive mixing downgradient diluted the concentrations, 
making precipitate formation slower [Zhang et al., 2010]. 
Upgradient at early time (7.5 h), and along the entire length 
of the micromodel at late time (27.5 h), precipitates appear 
as dense agglomerations of small crystals in the center of 
pore bodies. Less precipitation occurs in pores directly ad­
jacent to the middle pore due to diffusion-limited mixing 
across the horizontal centerline. The same behavior was 
observed for mineral precipitates in the UCaP and UPS 
experiments (not shown).

[23] High-resolution brightfield microscopy images of 
crystalline precipitates in individual pores of the UP,

UCaP, and UPS experiments are shown at similar times in 
Figure 3. A thick zone of agglomerated crystals is present 
along the horizontal center of each pore for UP and UCaP. 
Away from the thick precipitate zones, and throughout the 
pore for UPS, individual crystals are present. These 
appear smaller for UP and UCaP compared to UPS and 
more amorphous for UCaP compared to UP and UPS. At 
least 40 individual crystal sizes were determined in at 
least five pores along the horizontal center zone of each 
micromodel experiment. Individual crystal sizes in the 
UP, UCaP, and UPS systems are 54±37, 72±45, and 
170±101 pm2, respectively; a plot of cumulative fre­
quency distributions for individual crystal areas are in 
Figure A l. Average values increase from UP, to UCaP, to 
UPS, and the wide distribution of crystal sizes in each 
experiment results in significant overlap. The combination 
of crystal size results and images suggests, as hypothe­
sized, that the presence of Ca2+ and S042- affects crystal 
size and morphology.

3.2. Precipitation Rates
[24] Amounts of precipitate over time in the UP, UCaP, 

and UPS experiments are shown in Figure 4. Fluid resi­
dence time in the micromodel is approximately 1.1 min.

Figure 3. High-resolution (40X objective) brightfield microscopy images showing crystal sizes in sin­
gle pores of the (a) UP, (b) UCaP, and (c) UPS systems. The pores are located near the inlet, and images 
were taken after approximately 12-15 h. Individual images are 200 pm in width.



FANIZZA ET AL.: PORE-SCALE URANYL PHOSPHATE PRECIPITATION

1600000

1400000 A

1200000
■ Slope =«

A
re

a 
(# 

pi
xe

ls
)

| 
| 

| 
|

£ e .

A

■
A

■

< ...

. -Slope = ; 

□

. - - • o '
^ 5  lope * 1

200000 .—• o '"

0 5 10 15 20 25 30 35
Time (hours)

Figure 4. Area containing mineral precipitates versus 
time for the three replicate experiments. Slopes are shown 
and represent mineral precipitation rates. UP (rectangles), 
UCaP (triangles), and UPS (circles) are shown.

The reactants diffuse across the center mixing line and 
reach steady-state conditions relatively quickly with con­
centration gradients in the horizontal plane of the experi­
ment. Hence, the concentration profiles in the micromodel 
are relatively constant in time and only change slowly as 
precipitates block pores. As a result, reactions that occur 
are limited by the kinetics of chemical reaction. For much 
of the precipitation period, the area with precipitates 
increases linearly with time. However, at late time some 
deviation is evident for UP and UCaP, as the amount of 
precipitate starts to level off as steady state is approached. 
Assuming a constant rate of precipitation, linear regression 
yields precipitation rates of 28,300±7100 pixels h-1 for 
UP, 44,100±6300 pixels h " 1 for UCaP, and 14,300±1400 
pixels h -1 for UPS. Results presented here support our hy­
pothesis that the presence of Ca2+ and S(Lf-  affect ura­
nium precipitation rates; they also demonstrate that Ca2+ 
enhances the kinetics of uranium precipitation, while 
SO42- inhibits it for the conditions tested.

3.3. Mineral Type and Composition
[25] Representative backscattering Raman spectra for the 

UP, UCaP, and UPS systems during precipitation are 
shown in Figure 5. All the three spectra are very similar 
and match the published spectrum for chernikovite, shown 
in the inset of Figure 5 [Dorhout et al., 1989]. The excep­
tions are two broad peaks at 515 and 1350 cm-1 and an 
intense, sharp peak at 521 cm-1, which arises from the sili­
con component of the micromodel [Zhang et al., 2010]. 
The broad peaks are present in all experiments and are 
associated with chernikovite Raman spectra and may repre­
sent a less crystalline component of this mineral [Zhang 
et al., 2010]. The peaks at 192 and 830 cm-1 are assigned 
to the U 0 2 symmetric bending and stretching modes, 
respectively, whereas the peak at 1000 cm-1 is assigned to 
the PO4 symmetric stretch [Dorhout et al., 1989]. We note 
that the molecular formula for UHP differs from chemiko- 
vite by a single water molecule, and no Raman reference 
spectrum is available for UHP. Hence, while the Raman

results do not rule out precipitation of UHP, they do sug­
gest formation of chernikovite. The p-XRD results for min­
eral precipitates formed in the UPS experiments and a 
reference chernikovite pattern (diffractogram) are shown in 
Figure 6. The patterns are very similar, indicating that only 
chernikovite is present. The experimental pattern contains 
some additional weak and shoulder peaks that are not pres­
ent in the reference pattern; however, all these additional 
peaks are predicted in a diffraction pattern calculated from 
the crystal structure [Morosin, 1978]. The p-XRD pattern 
for UCaP (not shown) also matches the chernikovite refer­
ence, indicating that this is the only mineral present in all 
the three experiments. We note that XRD reference patterns 
are available for a range of uranium phosphate composi­
tions, and none of these, with the exception of chernikovite, 
match the experimental data satisfactorily. This includes 
phases which in place of the 4 waters of crystallization in 
chernikovite had 2 (ICDD pattern 13-0061), 1 (33-1428), 
and 1.7 (47-0176) waters of crystallization. Hence, it 
appears that only chernikovite is present in all the three 
experiments, in contrast to our hypothesis that the presence 
of Ca2+ and S042- affects the type of mineral precipitate.

[26] Since the presence of Ca2+ and/or S042- affected 
the rate of mineral precipitation, crystal size, and crystal 
morphology, but only chernikovite was detected in all the 
three experiments, EDXS was used to determine if Ca or S 
substituted into the chernikovite crystal structure. A typical 
EDXS spectra for UCaP and three corresponding ESEM 
(Environmental Scanning Electron Microscope) images are 
shown in Figure 7. The EDXS spectrum shows that only U, 
P, O, Si, Na, and C are present, not Ca. The Si peak is from 
the glass coverslip that is fixed to the mineral precipitate.

Chernikovite

J L ___________ _ A

UCaP

Silicon W a f e r

600 900 1200

R a m a n  S hif t ( c m 1)

Figure 5. Raman spectra for the (top) UPS, (middle) 
UCaP, and (bottom) UP systems. Inset: Raman reference 
spectra for chernikovite from Dorhout et al. [1989].
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j . -   /v a a a V V aa,
Chernikovite H ^ U O J /P O p .S H .O  
008-0296

20 40 60 80 100 120 140 160
20 (Cr K«)

Figure 6 . (top) p-XRD pattern for mineral form in the UPS system and (bottom) comparison to refer­
ence pattern for chernikovite.

The Na peak is very small and is likely due to Na+ adsorp­
tion onto the chernikovite surface. The C is carbon coating. 
Peak heights for other EDXS spectra of UCaP vary slightly 
but always show the same elements. EDXS results for UPS 
are similar (results not shown); U, P, O, Si, Na, and C were 
identified, but no S was detected. Hence, Ca and S do not 
appear to substitute into the chernikovite crystal structure. 
The corresponding ESEM images for UCaP (Figure 7) 
illustrate the complex morphology of chernikovite; it is 
comprised of thin plates stacked together in a dense frame­
work or of thin plates connected at irregular angles in an 
open framework. Dunham—Cheatham et al. [2011] 
observed thin plates of uranyl phosphate precipitates under 
conditions similar to UP. The effects of Ca2+ and S042- on 
uranium precipitation rates will be discussed later.

3.4. Model Results
[27] The distribution of dominant soluble uranium spe­

cies and pH without consideration of precipitation reactions

O S 1 l.S 2 2.S 3 3.S 4 4.S S S.S 6 6.S 7 7.S 8 keV

Figure 7. EDXS spectrum for UCaP, with three inset 
SEM images of crystalline precipitates.

are shown in Figure 8  based on the experimental measure­
ments of pH. The dominant uranium species are U 0 22+, 
U 0 2 0H ", UO2HPO4 , and (U02 )2 (C03 )(0H)3- . All but 
(U0 2 )2(C0 3 )(0 H)3 -  are primarily present below the hori­
zontal centerline of the pore structure where the uranium 
concentration is higher. For all the three systems, U 0 22+ 
has much higher concentrations than any other uranyl com­
plexes below the horizontal centerline where the pH is 
lower (pH<6 ). At the low pH, anion (OH- , C 032-, 
H P042 -) concentrations to form uranyl complexes are very 
low, resulting in low concentrations of uranyl complexes 
compared to U 0 22+. The (U0 2 )2(C0 3 )(0 H)3-  is primarily 
present above the centerline of the micromodel where the 
pH and therefore C 032- are higher. The maximum concen­
trations of each soluble uranium species are within a factor 
of two (and often identical) for UP and UPS. These concen­
trations are within a factor of four (and often within a factor 
of two) compared to UCaP. For UCaP (compared to UP 
and UPS), the maximum concentration of UO2”-  is higher, 
and the maximum concentrations of UCLOH-  and 
(U 02 )2(C 03 )(0H)3-  are lower because of the lower meas­
ured pH value. If the calculated pH values are used (i.e., 
those based on equilibration with atmospheric C 0 2 at 
31°C), then concentrations of U 0 2~+, U 0 2 0 H - ,
UO2HPO4 , or (U0 2 )2 <C0 3 )(0 H)3-  would be almost identi­
cal in each experiment because aqueous uranium species 
concentrations with sulfate and calcium are relatively low.

[28] The distribution of SR values that correspond to the 
experimental conditions simulated in Figure 8  is computed 
to compare experimental results with thermodynamic pre­
dictions as shown in Figure 9. Maximum SR values are 
located near the horizontal centerline of the pore structures, 
where the reactants mix. Maximum SR values for the exper­
imental conditions simulated in Figure 9 are listed in 
Table 3. Also listed are maximum SR values when calcu­
lated pH values are used, and maximum SR values when 
the range of K sp values and diffusion coefficients in the
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u o 2o h u o 2o h u o 2o h "

U O  HPO , ,
2 4(aq)

U O  HPO , ,
2 4(aq)

( U 0 2)2( C 0 3) (0 H )3 (u o 2)2(c o 3)(o h ) 3 (u o 2)2(c o 3)(o h ) 3

(a) UP (b) UCaP (c) UPS

x 10

Figure 8. Calculated distribution of dominant soluble U(VI) species including the uncomplexed uranyl 
ion, uranyl hydroxide, uranyl phosphate, uranyl carbonate complexes, and pH for (a) UP, (b) UCaP, and 
(c) UPS. For all cases, the experimental conditions (not the calculated conditions) in Table 2 were 
considered.

literature are considered. Use of either set of pH values 
results in only very small changes in maximum SR values, 
so those based on experimental pH values are discussed 
hereafter. Based on the range of available literature values 
for K sp used in this work, maximum SR values for chemiko- 
vite change by an order of magnitude but change by less 
than 50% for other minerals (and often much less). Hence, 
different SR values will only be discussed for chernikovite. 
Use of different diffusion coefficients does not change the 
maximum SR values (Table 3), but the mixing zone width 
does change in proportion to the magnitude of the diffusion 
coefficient. Since our modeling focus is on the maximum 
SR values, and not the precipitation kinetics, only results

with the reference diffusion coefficient value (i.e., 10-5 
cm2 s-1 ) are discussed further.

[29] The maximum SR values of experimental simula­
tions reported in Table 3 for chernikovite, UHP, and Na- 
autunite are all less than 40, whereas those for UOP are 
greater than 105. Maximum SR values for chernikovite, 
UHP, or UOP are not significantly different in all the three 
experiments. Maximum SR values for Na-autunite vary 
by a factor of approximately two between different 
experiments; this range of variation is small relative to 
differences in the maximum SR values for different min­
erals. When Ca2+ is present at 0.1 mM, the maximum SR 
value for Ca-autunite is greater than 106. Hence, UOP and

UO  HPO . ,
2 4(aq)
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(a) UP (b) UCaP (c) UPS

Uranyl Hydrogen Phosphate Uranyl Hydrogen Phosphate

Chernikovite Chernikovite Chernikovite

j

Uranyl Orthophosphate Uranyl Orthophosphate

Na meta-autunite

Meta-schoepite Meta-schoepite Meta-schoepite

- ( | f l

Figure 9. Distribution of SRs of six different U(VI)-phosphate minerals for (a) UP, (b) UCaP, and (c) 
UPS. For all cases experimental conditions in Table 2 were considered.

Ca-autunite are much more thermodynamically favored to 
precipitate. The ranges of the maximum SR values for 
UHP and Na-autunite are 13-21 and 14-37, respectively. 
The ranges of the maximum SR values for metaschoepite 
and HAP are 0.5-0.7 and <10-5, respectively. Thermody­
namic favorability of mineral precipitation depends on the 
solubility product (Ksp). For chernikovite, the maximum 
SR values are all less than 1 when the recommended liter­
ature value of K sp is used, and between 8 and 14 when the 
lowest K sp [Johnson , 2000] available is used. These 
results indicate that chernikovite is among the least ther­
modynamically favored mineral to precipitate in the 
micromodel experiments, even though it is the only one

identified with Raman spectroscopy and p-XRD 
spectroscopy.

[30] The maximum SR values for the two additional sim­
ulations performed with elevated Ca2+ (i.e., 10 m M) or 
total carbonate (i.e., 5 m M) are also listed in Table 3. For 
[Ca2+] =  10 m M, there is no change in the relative favor­
ability of minerals that will precipitate, although maximum 
SR values for HAP and Ca-autunite increased from <10-5 
to 0.004 and 2.24 x 106 to 1.95 x 108, respectively, due to 
the higher Ca2+ concentration. For Tot[C(L] =  5 mM, 
there is also no change in the relative favorability of miner­
als that will precipitate, although the maximum SR values 
for chernikovite and UHP dramatically decrease to 0.0076

Uranyl Hydrogen Phosphate

Uranyl Orthophosphate 5
10

Ca meta-autunite Na meta-autunite
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and 0.16, compared to experimental values of 0.97 and 
20.3, respectively. Also, the maximum SR value for Ca- 
autunite decreased by two orders of magnitude to 2.24 x 104. 
The lower SR values for chernikovite, UHP, and Ca-autunite 
are mainly due to the formation of uranyl carbonate com­
plexes in solution (i.e., U0 2C0 3 (aq), (UCLbCC^OH^- , 
Ca2U0 2(C0 3 )3 ). Hence, for Ca2+ and Tot(C03) concentra­
tions more representative of actual field sites, chernikovite is 
still among the least thermodynamically favored mineral to 
precipitate, and HAP precipitates, which can sequester ura­
nium [Wellman et al., 2008], also remain unfavorable. We 
note that for higher Ca2+ and P043- concentrations (i.e., 1 
mM  each) and higher pH (i.e., 9.8) (results not shown), HAP 
precipitation will be favorable and can represent a sink for 
uranium removal by sorption.

[31] Precipitates of chernikovite were recently observed 
by XRD, SEM (or transmission electron microscope), and/or 
EXAFS (Extended X-ray adsorption fine structure) in batch 
studies under uranium and phosphate concentrations similar 
to those used in the UP system of this study [Singh et al., 
2010; Dimham-Cheatham et al., 2011]. In those studies, 
thermodynamically more favorable solid forms other than 
chernikovite were not observed as in this study. These 
results suggest that the formation of UOP is not kinetically 
favorable during experimental periods in this study. At room 
temperature, meta-autunite minerals such as Ca-autunite and 
Na-autunite have been synthesized by ion exchange of Ca or 
Na with the hydrogen ion in chernikovite, and reaction times 
on the order of a few days or less are indicated [Sowder 
et al., 2001; Wellman et al., 2005]. However, very high con­
centrations of cations (approximately 2 M) were used to 
obtain the more crystalline autunite. As described earlier, the 
EDXS spectrum for precipitates in our work shows no Ca 
and only very small peaks of Na. This suggests that under 
low Na+ or Ca2+ concentrations, ion exchange of the proton 
in chernikovite did not occur or was not stable during precip­
itation (<30 h). Jerden and Sinha [2003] also stated that the 
formation of the autunite group minerals takes 2-3 weeks at 
room temperature. Singh et al. [2010] also observed meta­
stability of chernikovite formed within a day over a 1 year 
experimental period in a batch system. Longer-term experi­
ments are needed to assess if autunite is formed over longer 
time periods and in the presence of higher Na+ or Ca" 
concentrations.

2 +

Effects of Ca2+ and S 0 42" on Uranium3.5.
Precipitation

[32] Several additional studies have investigated the 
impact of Ca2+ on uranium transformation at room tempera­
ture. Sowder et al. [1996] found that at 25° C, schoepite was 
slowly transformed to Ca-autunite for 94 days after schoe­
pite was in a solution with 10 mM  Ca2+ and P043 -. Later, 
Sowder [1998] reported that Ca-autunite was synthesized 
from chernikovite in a high concentration Ca2+ solution 
(>0.01 M) by ion exchange at 22°C. Another study investi­
gated the impact of Ca2+ on U(VI) sorption and found that 
the presence of Ca2+ reduced the sorption of U(VI) onto 
quartz [Nair and Merkel, 2011]. While these and aforemen­
tioned experiments indicate that Ca2+ in solution can pro­
mote the transformation of uranium from one mineral form 
to another or inhibit uranium sorption from solution, they do 
not provide insights into the effects of Ca2+ on uranium
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m

center mixing line

Figure 10. Tracer test results for (a) blank micromodel, (b) UP, (c) UCaP, and (d) UPS systems.

precipitation rates. Instead, our modeling results can provide 
insights. When Ca2+ is present (i.e., UCaP), maximum SR 
values for both chernikovite and UHP are greater compared 
to the UP case. These results suggest that the higher precipi­
tate rate for UCaP compared to UP may be related to greater 
values of SR for chernikovite and/or UHP.

[33] Although we could find no supporting studies on the 
effects of S042- on uranium precipitation rates, there is 
extensive work regarding the effects of ions on calcium 
phosphate precipitation. In batch experiments imder pH 
static conditions, Cao et al. [2007] observed that SO4 2- 
reduced the rate of hydroxyapatite precipitation under 
supersaturated conditions. Aqueous S042- concentrations 
decreased at early time (within 1 0  min) during precipitation 
and then increased within an hour to the end of experiment 
(24 h). As a result, the final SO4 2- concentration in the 
batch experiment was similar to the starting concentration, 
but the HAP precipitation rate was lower compared to that 
in a control experiment without S042 -. The radius of 
S042- is smaller than that of phosphate; the authors pro­

posed that the replacement of SO42- into the HAP lattice at 
early stage decreased precipitation rates, but this replace­
ment was not stable such that P 043- replaced S042- in the 
lattice over time. We propose that a similar mechanism 
may be occurring in chernikovite for UPS.

3.6. Potential Pore Blockage Due to Precipitation
[34] Tracer test results for a clean micromodel and for 

the UP, UCaP, and UPS experiments after precipitation are 
shown in Figure 10. In the blank micromodel (i.e., no pre­
cipitate present), the tracer occupies two thirds of the pore 
structure, consistent with the 2 : 1  ratio of tracer to clean 
water flow rate. In micromodels with precipitate, the tracer 
is restricted to half of the micromodel for part of the pore 
structure, and then breakthrough across the precipitate zone 
occurs. This breakthrough occurs earliest in the pore struc­
ture for UPS, later in the pore structure for UCaP, and latest 
in the pore structure for UP. The maximum transverse 
widths of continuous precipitate as a function of longitudi­
nal distance in the pore networks of the three experiments

Figure 11. (a) Maximum transverse width of the precipitate line versus distance in the micromodel, (b
and c) Montages of laser confocal images of mineral precipitates in individual pores from the (b) UP and 
(c) UPS systems halfway down the length of the micromodel.
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are shown in Figure 11, along with laser confocal images 
of precipitate in a pore halfway down the length of the 
micromodel in the UP and UPS experiments. The trans- £
verse width is relatively constant over the entire pore length g.
for UP but decreases midway in the pore network for UCaP 2!
and earlier in the pore network for UPS. Laser confocal ^
images indicate the UP pore is completely blocked, ^
whereas the UPS pore is not, especially further downgra- "|
dient from the inlet. These results indicate that tracer break- ,q

through across the micromodel centerline occurs when 
precipitates exist as isolated crystals that do not connect 
across a pore body, and that faster precipitation (e.g., faster 
precipitation in UP compared to UPS) results in more com­
plete pore blockage along the length of the micromodel. A 
primary concern of pore blockage is that mixing will be re­
stricted, and this will limit the extent of mineral precipita­
tion that occurs in the subsurface. It is also possible that 
pore blockage will decrease because precipitates will dis­
solve due to undersaturation of the surrounding fluid [Tar- 
takovsky et al., 2008; Katz et al., 2011; Zhang et al., 2010;
Yoon et al., 2012].

4. Conclusions
[35] We determined from pore-scale experiments and 

spectroscopic evaluation that uranium and phosphate, each 
at 1 0 0  |±M, will mix transverse to flow and react to form 
only chernikovite in a time scale of hours to days, even in 
the presence of Ca2+ and S042 -. We also determined that 
the presence of Ca2+ and SO42- affects the rate of precipi­
tation, but only within a factor of three, and the shape and 
size of crystals formed. However, EDXS results indicate 
that Ca and S are not incorporated into the chernikovite lat­
tice. We determined from pore-scale modeling that chemi- 
kovite is the least favored mineral to precipitate and that 
UOP and Ca-autunite are the most favored. Consistent with 
literature results, it appears that chernikovite is kinetically 
favored during the time scale (hours to days) of our study. 
Last, we determined that rapid chernikovite precipitation 
blocks pores and diverts flow. In the field, rapid chemiko- 
vite precipitation and flow diversion are possible when 
phosphate is amended to groundwater. Permeability 
changes were observed at the Hanford area 300 site after 
phosphate addition [Vermeul et al., 2009], and this was 
attributed to hydroxyapatite precipitation. Our results sug­
gest that pore blockage due to chernikovite precipitation 
may also be occurring and adversely affecting mixing and 
continued precipitation of U(VI). Further work is required 
to evaluate the extent of uranium that can be sequestered in 
the field with phosphate addition, the prevailing mineralogy 
at longer time scales, and the stability of precipitated ura­
nium minerals when phosphate addition is discontinued.

Appendix A
[36] In Appendix A, the supplemental information 

includes a plot of cumulative frequency distributions for 
individual crystal areas in the UP, UCaP, and UPS systems 
(Figure Al),  a list of speciation reactions and stability con­
stants used in this work (Table Al),  and minerals and their 
solubility products available in the literature (Table A2).

0.6

UP

UCaP

0.2

0 100 200 300 400

In d iv id u a l  C ry s ta l  A r e a  h i m 2 )

Figure A l. Cumulative frequency distribution of individ­
ual crystal areas.

Table A l .  Speciation Reactions and Stability Constants

Reaction log K

Uranium Species
UO2 ++ h 2o = u o 2o h ++ h + -5.25
U0 22++ 2H20 = u d 2<0 H)2(aq)+ 2H+ -12.15
U 0 22++3H20 = U 0 2(0H )3~+3H+ -20.25
U 0 22++4H20 = U 0 2(0H)42~+4H+ -32.40
2u 6 22++ h 2o = ( u o 2)2o h 3++ h + -2.70
2U 022++2H20 = (U 0 2 )2 (OH)22++2H+ -5.62
3U 022++4H20 = (U 0 2 )3( OH )42++4H+ -11.90
3U 022++5H20 = (U 0 2)3(0H )5++5H+ -15.55
3U 022++7H20 = (U 0 2 )3<O H )r+7H + -32.20
4U 022++7H20 = (U 0 2)4(0H )7++7H+ -21.90
U0 v ++ P0 43~=U0 nP0 4~ 13.23
U 0 22++ P 0 43-+ H + = U 0 2HP04(aq) 19.59
U 0 22++ P 0 43~+2H+= U 0 2H2P 04+ 22.82
U 0 ,2++ P 0 43~+3H+= U 0 ,H 3P 042+ 22.46
U 0 22++ 2 P 0 43-+ 4 H + = u 6 2<H2P 0 4)2(aq) 44.04
U 0 ,2++ 2 P 0 43~+5H+= U 0 ,(H ,P 0 4) (H3P 0 4)+ 45.05
u o 22+ + c o 32- = u o 2c o 3(aq) 9.94
U 0 22++ 2 C 0 32~ = U 0 2(C 03 )22~ 16.61
U 0 v ++ 3 C 0 32~ = U 0 q C 0 3)34~ 21.84
3 u d 22++ 6 c o 32-= < u b 2)3<co3)66- 54.00
2U 022++ C 0 32~+3H20 = (U 0 2)2C 0 3(0H )3~+3H+ -0.85
3U 022++ C 0 32-+ 3 H 20 = (U 0 2)3C 0 3(0H )3++3H+ 0.66
u o 22++ n o 3_= u o 2n o 3+ 0.3
Ca2++ U 0 ,2++ 3C 032~ = C aU 0qC 03)32~ 27.18b
2Ca2++ u 6 22++ 3 C 0 32-= C a 2u b 2<C03)3(aq) 30.7b
U 0 22++ S 0 42-= U 0 2(S04),aqj
U 0 v ++ 2 S 0 42~ = U 0 q S 0 4K ~

3.15
4.14

Other Species
Ca +PO4 =C aP04- 6.46=
Ca2++ P 0 43~+H+=CaH P04(aq) 15.09°
Ca2++ P 0 43~+2H+=CaH2P 0 4+ 20.96°
Na++ P 0 43~+H += N aH PO r 13.45°
Na++ C 0 32~=N aC 03~ 1.27
Na++ C 0 32~+H+=NaHC03(aq) 10.08
Na++ S 0 42~=N aS04~ 0.70
c o 32~ + h += h c o u 10.33°
C 0 32-+ 2H += H 2C 03(aq) 16.68°
p o 43~ + h += h p o 42~ 12.35
P 043~+2H+= H ,P 0 4~ 19.56
P 043-+ 3H += H 3P 0 4(aq) 21.70
s o 42~ + h += h s o u 1.99
h 2o = h ++ o h ~ -14.00°

aFrom Guillaumont and Mompean [2003] unless otherwise noted. 
bDong and Brooks [2006], 
cMartell and Smith [2001],
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Table A2. Minerals and Their Solubility Products at 298 K and I — 0 M

Reaction

log Ksf

Name Reference Value Other Values

Chernikovite -24.20= -2 5 .lb
UHP -25.52° —0.11/+0.07°
UOP -49.36= —0.04/+0.02°

Na meta-autunite -23.64=
Ca meta-autunite -48.36° ±0.03°

Metaschoepite 5.6d
HAP -53.28° —58.0f

-2++ p o 43~4H20 (s)= U 0 2-
3H20 (s)= U 0 22++ P 0 43~+H++3H20

+H +4H20
J ( s ) ~

4H20 (S)= 3U 02°++ 2P 04J~+4H20

u o 2h p o 4 
u o , h p o 4 
(u o 2)3(p o 4)2 _
N aU02P 04 ■ .rH20 ,s)= U 0 22++N a++ P 0 43~+.rH20  
Ca(U02)2(P04)2 ■ 3H20 (S)= 2 U 0 22++Ca2++2P 043~+3H20  
U 0 3 ■ 2H20 (s)+ 2H+= U 0 22++3H20  
Ca (P04)30H (s)=5Ca2++3P 043~+0H ~

aGrenthe etal. [1992]. 
hJohnson [2000].
cGorman-Lewis et al. [2009]. Plus or minus two standard deviations from experimental data were used to compute maximum SR values. 
dGorman-Lewis et al. [2008b].
GZhu et al. [2009].
Valsami-Jones et al. [1998].
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