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Abstract

Remediation of uranium (U) contamination in theplgadose zone (VZ) sediments abundant in
calcite mineral is a challenging task considerimg formation of highly stable and mobile uranyl
complexes with carbonate and calciiimpore water composition. There is a concern that
uranium contamination in the VZ can serve as aiegoatl source for groundwater pollution,
creating a risk to human health and the environnier@ugh the groundwater pathway. This
requires in-situ remediation of the radionuclidedemninated VZ to convert soluble U species to
low solubility precipitates that are stable in tl&ural environment.

Injection of reactive gasses (e.g., Nk a promising technology to decrease U mobilitghe
unsaturated zone without the addition of liquid adraents. The NElinjection creates alkaline
conditions that can alter the sediment pore waterposition due to a release of elements from
minerals (via desorption and dissolution) that present in the sediment. However, it is not
known how VZ pore water constituents (Si,>AIHCO;, and Ca’) would affect U(VI)

removal/precipitation in alkaline conditions.
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This study quantified the role of major pore watenstituents typically present in the arid and
semi-arid environments of the western regions efthS and identified solid uranium-bearing
phases that could potentially precipitate from 8ohs approximating pore water compositions
after pH manipulations via ammonia gas injectiofgplicate samples were prepared using Six
Si (5, 50 100, 150, 200, and 250 mM), six HC(@, 3, 25, 50, 75, and 100 mM), and two*Ca
(5 and 10 mM) concentrations. The concentratioal@hinum and uranium was kept constant at
5 mM and 0.0084 mM, respectively, in all synthétiomulations tested. Results showed that the
percentage of U(VI) removal was controlled by th\lSmolar ratios and C& concentrations.
Regardless of the bicarbonate concentration testedpercentage of U(VI) removed increased
as the Si/Al ratios were increased. However, higbarconcentrations correlated with higher
U(VI) removal, ranging between 96%-99%, at low $ifatios. The SEM images of dried
precipitates displayed dense amorphous regions inigdilica content, where EDS elemental
analysis unveiled higher U atomic percentages. foh@aation of uranyl silicate and carbonate
minerals was also predicted by the speciation mogleKRD analysis revealed the presence of
uranyl carbonate mineral phases (andersonite, glites however, uranyl silicates predicted
(Na-boltwoodite) were not identified experimentalpossibly due to the amorphous nature of

the silica solid phases observed in our experiments

Key words: uranium, silica, ammonia gas, vadose zoemoval efficiency
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1.0 Introduction

The reprocessing of irradiated fuel to produce guiitm for atomic weapons has left about
202,703 kg of uranium (U) contamination in the sufece at the U.S. Department of Energy’s
Hanford Site.This U is a potential source of groundwater conteation and a risk to human
health and the environment through water uptakenfomntaminated wells or discharges to
surface water. Uranium is a redox-sensitive eleragd depending on the oxidation reduction
conditions, mainly occurs in two states: hexavalastnium [U(VI)] and tetravalent uranium
[U(IV)]. These oxidation states determine its mibpilin unsaturated and saturated natural
systems. In oxic conditions, the chemistry of hettent uranium is governed by the dioxo cation
(UO,*") which is highly soluble and mobile and can readilrm complexes with a variety of
organic and inorganic ligands depending on the @agi€omposition (e.g., proton’Hanions,
cations, and organic ligands). In the absence @fntbst relevant ligands in aqueous solutions,
such as C¢’, SiO)*, and SG, the speciation of U is dominated by the £JCcation until
pH<5. Between pH 6 and 10, the major dissolved ydrapecies are uranyl-hydroxides [e.g.,
UO,(OH)s, (UO,),0H*, and (UQ)s(OH);)]. In carbonate-bearing systems, uranyl carbonate
complexes [e.g., UTO;(OH);, UO,COs(aq), UQ(COs),*, and UQ(COs)s*] are the
predominant aqueous species and,(@®:);* dominates the speciation at pH > 9 (Elles and
Lee, 1998). In Ca- and carbonate- rich subsurfasgranments, typical for western U.S. arid
and semi-arid regions including the Hanford Sit€)/J forms highly soluble and stable
calcium-uranyl-carbonate complexes §08,(COs)(aq), CaURCOs);*] (Bernard, et al.
1996, 2001; Kalmykov and Chopin, 2000). This capl&x the high mobility of U in the
Hanford vadose zone (VZ) sediments given its lowifpan coefficient (Kg) value ranging from

0.2to 4 mL/g (Cantrell et al., 2003; ZacharalgtZz907). In VZ sediments with abundant calcite
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and in the presence of complexing anions such dsocates (CE) and hydrous silicates
(HsSiOy), uranium tends to form uranyl carbonate and uraitigate minerals. Uranophane and
boltwoodite are the most common uranyl silicatadsphases found in the VZ environment at
Hanford (Szecsody et al.,, 2012; Um et al., 200;hdsa et al., 2007). In addition, the VZ
sediments contain uranyl carbonate solids, liebigitd rutherfordine, that were found at medium
to high concentrations (Szecsody et al. 2012). étadilides contaminated the deep (80 to 100
m) VZ at the Hanford Site 200 Area, requiring itusstabilization to convert agueous mobile
uranyl carbonates to lower solubility precipitatbst are stable in the natural environment.
Wellman et al. Wellman et al., (2012) investigaté@/I) stabilization through injections of a
sodium tripolyphosphate amendment into the satdraggliments which led to formation of
sodium uranyl phosphate mineral phases. Howeveradtiition of liquid amendments into the
VZ can cause undesirable downward migration of W am-contaminants, instigating
contamination of the underlying aquifer. Injection reactive gases such as Nkb create
alkaline conditions in the VZ is an innovative taology aiming to decrease uranium mobility in
the unsaturated zone contaminated with radionwlidathout the addition of liquid
amendments. The injection of a highly soluble ammgas to the VZ prompts the formation of
NH,OH following a subsequent increase in pH from 8&.@lbout 11.02 for 0.1% NH~ 0.063
mol/L NHz (aq)) and 11.87 (~3.1 mol/L NHaq)) for 5% NH (Szecsody et al., 2012; Zhong et
al., 2015). This manipulation, triggered by theadilke pH, can significantly alter the sediment
pore water composition and greatly enhance theb8mjurates of most minerals such as quartz,
calcite, feldspar, and iron oxides that are abutiggmesent in the sediments. Chou and Wollast
(1984) suggested that the rate of mineral dissmiuthay increase by two to three orders of

magnitude with an increase in pH from 8 to 12 &23rhe dissolution of minerals at high pH
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conditions can induce the release of silica, caabmnaluminum, calcium and the alkali metals
sodium and potassium to the pore water (Zhong.eP@l5). The subsequent decrease in pH to
natural conditions would lead to precipitation opbases such as Na- or pboltwoodite or re-
precipitation of various silica and aluminosilicatglid phases and calcium carbonates that may
incorporate uranium in a process called co-pregipit (Szecsody et al., 2010b; Zhong et al.,
2015). Previous laboratory evaluations showed aedse in U mobility after ammonia gas
injection in the low water content sediments (Sedgset al., 2010a; Zhong et al., 2015).
Another possible mechanism contributing to the ei@ee of uranium mobility after ammonia gas
applications is the coating of U-bearing phases: ligw solubility non-uranium precipitate such
as cancrinite and sodalite (Zhao et al., 2004) lyilpsicates, carbonate and sodalite, as was
found in water-saturated systems of uranium- coimated sites (Qafoku and Icenhower, 2008).
The objective of this research was to examine tlfiecte of calcium ions on the
removal/precipitation of U(VI) from synthetic poneater (SPW) solutions composed of variable
molar ratios of silicon to aluminum in the presewtebicarbonate. The removal of U(VI) from
the synthetic solutions treated with Blgas was quantified for six molar ratios of silima
aluminum and prepared in a wide range of bicarmoratd two calcium concentrations.
Manipulations with pore water constituencies camusate the conditions occurring in the
subsurface typical for arid and semi-arid environteghroughout the western United States and
explain changes in the removal of elements throwghprecipitation with silica and
aluminosilicates. Parallel studies have focusedhendetailed characterization of the uranium-
bearing precipitates created after ammonia gastioje

2.0 Material and methods
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Batch experiments were performed to evaluate tfeetedf C&* ions on the removal of uranium
from SPW solutions amended with variable Si/Al maktio concentrations following NHyas
injections. Detailed physical mineralogical and geamical analysis of Hanford Site VZ soil
and porewater compositions that provided conceatrsitof major cations, anions, alkalinity and
pH was reported in a previous study (Serne et28i08). For the purpose of this study, the
complicated pore water composition was simplifiedcbontain five major components in the
SPW: silica, aluminum, uranium, calcium, and bicardte with the counter ions, N&”*, NOs,
and Cl. The range of Si concentrations was chosen basgoravious studies by limiting Si
concentrations to a maximum of 250 mM (7.0 g [(Katsenovich et al., 2016; Qafoku et al.,
2004; Szecsody et al., 2010b, 2012; Zhong et @lL5P The aluminum concentration was kept
constant at 5 mM, which is slightly higher than waserved in the batch experiments conducted
by Zhong et al. (Zhong et al., 2015), and bothrfsi Al concentrations were orders of magnitude
greater than uranium. GOand HCQ are the major anions in pore water compositiores tdu
the abundance of calcite in Hanford sediments (Kkaémd Icenhower, 2008; Serne et al., 2008).
To cover the concentration range of elements retess the solution mixture due to the alkaline
dissolution of soil minerals, SPW compositions werenulated with six Si (5, 50 100, 150, 200,
and 250 mM), six HC® (0, 3, 25, 50, 75, and 100 mM), and two*Cé& and 10 mM)
concentrations. The concentration of U was kepstaort at 0.084 mM (2 mg/L) in all synthetic
formulations tested. The experimental results pledi a complete range of data for U(VI)
removal in the presence of 5 mM of Al across ala&il HCQ concentrations tested in addition
to Ca ions commonly present in the pore water caitipo. Details on the SPW compositions
and chemicals used for the formulations are pralidethe supporting information (Tables 1S

and 2S).
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21  Sample preparation procedures

Stock solutions of Al (50 mM), Si (420 mM), HGO(400 mM), and Ca (500 mM) were
prepared in deionized water (DIW) by dissolving M{s)3*9H,0, NaSiOz#9H,0, KHCO; and
CaCb-6H,0 salts individually in 50-mL vials. The 100 pg/miranyl stock solution was
prepared fresh in DIW from the 1000 pg/mL uranytate stock (SPEX CertiPrep™). Sample
preparation procedures at different molar ratioSidAl followed the same methods as described
in Katsenovich et al., (2016) by mixing the apprafa volume of stock solutions and injecting
NHs gas (0.1% NHK in 99.9% N) through 20 um pores of a metal gas sparger (Mott
Corporation) until the pH of the solutions reacleedalue of ~11 (0.063 mol/L (aqg)). Synthetic
pore water samples of 5 mL prepared in triplicagrenvextracted from Nidaden aluminum-
silicate-carbonate test solutions into 15-mL pdiy&tne tubes and mixing rapidly with an
aliquot from the CaGlstock (50 and 100 pL) depending on the targetedoaentration (5 mM

or 10 mM) in the mixture. The resulting mixture winen spiked with uranium to yield an
overall concentration within a solution matrix ofriy/L. The final pH of the prepared samples
was in the range of 10.9-11.1 (Orion Versa StaBgrdchtop Meter and Orion Double Junction
pH Electrode). Control samples were prepared in DdWended with U(VI) at the same
concentration of 2 mg/L to test for U(VI) lossesedo sorption to tube walls and caps (Figure
1S). All experimental and control tubes were voetexand kept in an incubator/shaker at 100
rpm and 25°C. After two days, the tubes were cliged for 15 minutes at 4000 rpm (Thermo
Scientific, Corvall ST 16R centrifuge) and supeamatsolutions were withdrawn to analyze for
U(Vl), Si, Al, Ca, and inorganic carbon (IC). Prelhary experiments showed that the removal

efficiency of U(VI) reached a plateau after two sl@y agitation on the shaker.



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

In total, two sets were prepared with a total oftif@icate samples amended with 5 mM or 10
mM of Ca in the solution mixtures for all Si/Al nalratios (1, 10, 20, 30, 40, and 50). For each
Si/Al ratio, samples were prepared at six bicarb®mancentrations (0, 3, 25, 50, 75, and 100

mM) as shown in Table 3S (supporting information).

2.2 Analytical Procedures

After centrifugation, an aliquot of supernatant vex$racted from each test vial, acidified, and
then analyzed for U(VI) via a kinetic phosphoreseeranalyzer (KPA-11, Chemchek). In
addition, the concentrations of Si, Al, and Ca wamalyzed via inductively coupled plasma
emission spectroscopy (ICP-OES, Perkin Elmer, Opfi800 DV). In addition, the accuracy of
the initial Al, Si, and Ca stock solution concetitlas were tested with ICP-OES. For better
precision, the concentration of elements was aedlyasing different dilutions factors. For
analysis with KPA, an aliquot was extracted froma slupernatant of each test sample and diluted
with 1% HNG; between 5 to 100 times. For analysis with the @IS, an extracted aliquot was
diluted with DIW in conical polypropylene tubes Wween 100 to 200 times. The IC of the
supernatant solutions was analyzed using a Shimdf2G analyzer with an autosampler

(TOC-V CSH). Each analysis was repeated until the standieviation was less than 3%.

2.3 Geochemical Speciation Modeling

The speciation modeling to predict the distribut@inuranyl agueous species and formation of
uranium solid phases likely to be present in teSB8V was performed using the Geochemist
Workbench (GWB) version 10.0.04 with the Visual MIEQ database (thermo-minteq)
formatted by Jon Petter Gustafsson (KTH Royal tuti of Technology). This database was
manually updated with the most recently publisheermhodynamic equilibrium constants for

agueous complexation reactions for some uranylispeaelevant to this study (Grenthe et al.,
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1992; Kalmykov and Choppin, 2000; Bernhard et &001; Guillaumont et al., 2003;
Guillaumont and Mompean, 2003; Dong and Brooks62@brman-Lewis et al., 2008; Richter

et al., 2015).

The calcite mineral is abundant in Hanford soil &nekists as a mineralogical component in all
subsurface sediments, resulting in dissolved catgorand calcium ions being common
components in the pore and groundwater systemsefdne, thermodynamic parameters of
relevant calcium uranyl silicate, calcium uranytbmnate, and calcium uranyl oxide hydrate

phases were included in the modified database.

The updated thermo-minteq database used for tily stiso included the stability constants for
ternary complexes of uranyl carbonate with alkalesth metals, GRIO,(COs)s(aq) and

CaUQy(C0s)s%, which play an important role in the aqueous s of uranium (Bernhard et
al., 1996; Dong and Brooks, 2006; Guillaumont et 2003; Kalmykov and Choppin, 2000).
These species, along with mixed polynuclear U(Wydroxide-carbonate complexes, were
updated based on the recommendations from the Tuymamic Reference Database

THEREDA (Richter et al., 2015) (Table 1).

Table 1: Selected uranium aqueous complexation retigns and formation constants
(T=25°C, I=0).

Reactions | Log K Reference
Hydrolysis

UO,OH" + H'= UO,**+ H,0 5.2 Guillaumont et al,
UO,(OH), (aqy+2H'= UO*"+ 3H,0 -12.1¢ | 2003; Gorman-Lewis
UO,(OH); + 3H'= UG,%*+ 2H,0 -20.2¢ | etal, 2008; Richter et
UO,(OH),” + 4H'= UQ,”"+ 4H,0 -32.4( al, 2015
(UO2)(OH),*" + 2H+ = 2UG*" +2H,0 -5.62(

(UO,):0H*"+ H" = 2UC,* + H,0 -2.70(

(UOz)5(OH)s** + 4H" = 3UC,*" +4H;,0 -11.9¢

(UO2)3(OH)s + 5H" = 3UC;”" + 5H,0 -15.5¢

(UO,)4(OH);"+ 7H' = 4UC,*+ 7TH,0 -21.9(

(UO)3(OH), + 7H" = 3UC+ 7TH,0 -32.2
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Carbonates

UO,**+ CC% = UO,* + CC* 9.9/ Guillaumont et al,

(UO,)3(CCs)¢% = 3UC**+ 6CO5* 54.0( | 2003; Gorman-Lewis

(UO,)(COy)s” = UO” "+ 3CC~ 7.1¢ et al, 2008; Richter et

UO,(CQs),"= UO”" + 2CC~ 16.61 al, 2015

UO,(COs)s = U2 + 3CCH# 21.8¢

(UO,)sCO5(OH);" + 3H'= 3UC,**+ CC* *+ 3H,0 0.6€

(UO,),CO4(OH);™ + 3 H' = 2UC,*"+ CC* + 3H,0 -0.66

CaUO,(CCy); (aq) = UGH+ 3CC% *+ 2C&* 30.6( Dong and Brooks,
2006; Gorman-Lewis

Ca UQ(CO,)s* = UG+ 3CO¥ "+ C&* 27.18 | etal, 2008; Richter et

al, 2015.

U(CGy)s* = UO™+ 4CC* + H,0 35.2; | Guilaumont etal,
2003; Thoenen et al,

U(COy)s"=UO*+ 5CO* 33.90 2014.

Guillaumont et al,
(UO,)11(COs)s(OH) .7 +12H+ = 11UQ* + 6 CQ*+12 HO | 36.42 | 2003; Richter et al,
2015.
Silicates, chlorine, and nitrate
Guillaumont et al,
2003; Gorman-Lewis

U022++ H,SiO, -1.84 et al, 2008; Richter et
al, 2015.
UO,NO; =NO; + UQ,* -0.30( Guillaumont et al,
UO,CI"= CI + UG,** 0.17 2003; Richter et al,
. 2015; Th t al,
UO.Cl; (aq) = 2CT + UG, -1.100 oo1g o8

The CaUO,(COs)3(aq) complex was reported as a major U(VI) aquespesies in the Hanford
Site vadose zone porewater (Liu et al., 2004)jtssas important to evaluate its presence in the

synthetic pore water compositions.

Previous studies on uranium conducted in Si-ridbtems have demonstrated the formation of
uranyl-silicate minerals (Wronkiewicz et. al., 199@Jranyl silicates, boltwoodite and
uranophane were also found in the Hanford Site &@msents (Catalano et al., 2004; Um et al.,
2009).Thus, thermodynamic parameters to predichiuma solubility from relevant uranyl
silicate minerals (Na,K), boltwoodite [(Na,K)(WPH,SiO,)-0.5H0], and uranophane
[Ca(UD,)2(HSIO,), 5H,0], uranyl carbonate minerals like grimselite [NaK(COs)3,

rutherfordine [UGCQ;], liebigite [CaU0,(COs3)310H,0O(cr)], andersonite

10
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[Na,CaUGy(COs)36H,0], cejkaite [NaUO,(COs)s] as well as uranyl oxide hydrate solid phases

such as becquerelite [&BO,)s18H,0], clarkeite [Na(UQ)-2H,O], compreignacite
[K2(UOy)e- 18H,0], and metaschoepite [UM,0),]), were included or modified in the thermo-
minteq database used for speciation calculationhig study (Grenthe et al., 2004; Gorman-
Lewis et al., 2008; Shvareva et al., 2011; Rickteal., 2015). In addition, metaschoepite in the
updated thermo-minteq database replaced the s¢bogpecies based on its similarity to the
schoepite species (Guillaumont et al., 2003; Goriramis et al., 2008; Shvareva et al., 2011)

(Table 2).

215 Table 2. Uranyl mineral phases used in the speciath modeling

Mineral Phase | Structural Formula | Log K, Reference
Uranyl Carbonates
. Alwan & Williams, Mineral. Mag. (1980) cited in Gman-
Andersonite Na,CaUGy(COs)36H,0 -37.50 Lewis et al, 2008.
Cejkaite NaUO,(COs);5 -27.18 THEREDA database (Richter 2015)
Grimselite NakUO,(CO3%H,0 -37.10 Gorman-Lewis et al, 2008.
Liebigite CaUO,(CO,)310H,0 -36.90 Gorman-Lewis et al, 2008.
Rutherfordine UQCO; -14.46 This phase is present in the original tlteminteq
Uranyl hydroxides
. Gorman-Lewis et.al (2008), suggested value from DEC
Becquerelite Ca (Ugs O(OH)s(H20)e 4050 | NEA. Confirmed by Richter et al, 2015 (THEREDA dadae)
Clarkeite Na(UQ)O(OH) 9.400 Gorman-Lewis JCT (2008), THEREDA Rah¢t al, 2015
. Gorman-Lewis (2008) review and THEREDA database
Metaschoepite (UgOx(OH)12(H20)10 5.350 (Richter et al, 2015)
Uranyl Slicates
Soddyite (UQ),H,SIO, 2H,0 6.090 Gorman-Lewis (2008) rev2|<(e)v]\-/5and THEREDA (Richterkt
K-Boltwoodite KH,SiO; UO, 1.5H,0 4.120 Shrevena et al, 2011 andZ'CI)'TSE)REDA database (Rielniz
Na-Boltwoodite NaHSIQUO, 1.5H,0 6.070 Gorman-Lewis et al, (20;8)2;0R1|;hter et al, 2015.e5kna et
. Gorman-Lewis et al, (2008) and Log Ksp modifiedhwit
Uranophane Ca(UR(HSIO,), SHO 10.82 Shrevena et al, 2011; confirmed by Richter et @152
216

217  The simulated porewater compositions included fragions and four anions as well as the

218 counter ions. Concentrations of uranium, aluminuang silica were kept constant in all

219  modeling simulations at 0.0084 mM, 5 mM, and 50 mé&spectively. In addition, simulations to

11
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predict the aqueous speciation and the formatiosoifi phases were conducted using two
calcium concentrations (5 and 10 mM) combined witinee bicarbonate concentrations
[bicarbonate-free (0 mM), “low” (3 mM) and “high50 mM)]. Dissolved oxygen (DO) was set
at 8.4 mg/L at a constant temperature ofC5In the GWB Reactants pane, experimental
conditions were simulated by sliding pH from 8 tb.a2 for 0.1% of NH (0.063 mol/L of
NHs(aq)). The simulations were repeated by slidingfigth 8 to 11.87, imitating the pH values
reached after the injection of 5% of BKb% NH; in 95% N; 3.1 mol/L of NH (aq)). The
NHs(aq) concentrations were assumed to be at equifibiin the solutions. The speciation
modeling was performed for a system closed to xichange of C@with the atmosphere, which
is more applicable to the core of the ammonia ggetion in the field. In addition, speciation
modeling assumed that ammonia would not reduce JJXO/U(IV) (Katsenovich et. al., 2016).
The process of uranium reduction by ammonia isxglyoimpeded by: the presence of air, which
is 21% oxygen, in the headspace of capped viaesatidition of nitrate ions with the uranyl
standard prepared in 2% nitric acid and pH adjustreelutions; and by the stabilizing effect of
bicarbonate in the bicarbonate-amended solutiores tduthe formation of uranyl-carbonate
complexes (Campbell et al., 2015). Based on thesenaptions, the aqueous U(IV) species were
not considered in this study. The uranium aquepesiss and saturation indexes (SI) of mineral

phases were calculated and graphed as a functiold.of

It should be noted that the thermodynamic datarahium solid and liquid species is still under
review and investigation (Altmaier et al., 2013; r@an-Lewis 2008) and the solubility
calculations and uranium speciation are based ommuknowledge, but may have significant

associated uncertainty.
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24  Mineral Characterization

The mineralogical and morphological characterist€she dried uranium-bearing precipitates
were analyzed using scanning electron microscopeggrdispersive spectroscopy (SEM-EDS)
and powder X-ray diffraction (XRD)he samples’ surface composition and the developwofen
crystalline structures were monitored by meansEMISEDS. These measurements, collectively
with analytical results and thermodynamic specratimdeling data, allowed for identification of
the U(VI) solid phases present in multicomponenécjpitates. The sample preparation
procedures for these studies were similar to uraniemoval experiments with the difference
being that the former deals with the dried soliddgpitate. Experimental samples for XRD and
SEM-EDS analysis were prepared with the additioB®MM of Si, 5 mM of Al, 5 mM and 10
mM of Ca, and 400 ppm of U(VI) in the mixture sadut using “high” (50 mM HCGQ@) and
“low” (3 mM HCO3) concentrations of bicarbonate. The increase Bmium concentration
helped to enhance the atomic percentage of U(Vihénsample composition and improved U
detection. Two solutions containing 3 mM and 50 mMHCO; were prepared in 50-mL vials
and then combined with the appropriate concentratiof NaSiO; and AI(NG); (Table 1S).
These relatively alkaline solutions were adjusteé tpH of 8 using concentrated nitric acid to
better mimic the natural conditions of the Hanf@@D Area VZ (Szecsody et al., 2012). Then
the solutions were sparged with ammonia gaszjNélincrease pH up to 11 and 10-mL aliquots
from the ammonia-laden solutions were dispensedlibtmL sample vials. Lastly, the solutions
were finished by the addition of CaG@nd uranyl stocks (Table 1S), using volumes leas 100
pL to minimally effect the concentrations of thé&t components in the mixture. The solutions

were left for 2 weeks at 26 and then centrifuged for 15 minutes at 4000 rpnd the
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supernatant was carefully decangett! reserved for uranium analysis via KPA while sbéds
were dried in an oven at 30°C for two weeks in prapon for SEM-EDS and XRD analysis.
Electron microscopy was performed using a JEOL-891Qvith accelerative potentials between
10 kV and 20 kV. Dried samples were sputter-coatgl a thin layer of gold/palladium using
an SPI-Module Control and Sputter unit. EDS analysas accomplished using an EDAX
Sapphire detector with UTW Window paired with Geaewftware. Micrographs were prepared
in both secondary electron (SE) and backscatteonsizcy electron (BSE) modes with the
objective lens aperture 2 at 30 um diameter andpbé sizes (condenser lens) ranging from 35-
40"

X-ray diffraction analyses were performed at 35 &avd 40 mA via a Bruker 5000D XRD
instrument. Diffraction patterns were obtained gsia copper Cu K radiation source
(A=0.154056 nm) with a tungsten filter. The XRD waegrammed to run over a 2-thetad)2
range from 5° to 70° with a 0.02° step size ane&&nBd counting per step. Dry samples were
carefully ground into a fine powder using a moad pestle under the fume hood. Then, the
pulverized sample was packed into the small receasplastic sample holder that was designed
specifically for the small amount of sample avd#galiwo method blanks, prepared identically
to the experimental sample with the exception anium, were also ground and analyzed.
Identification of the uranyl mineral phases waseldasn a comparison of the XRD patterns
measured for the selected precipitate samples twéhmineral powder diffraction files (PDF)
published by thémerican Mineralogist Crystal Structure Databasewbs and Hall-Wallace,

2003).
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3.0 Results and Discussions
3.1 TheEffect of Calonson the Removal of U(VI)
The experimental results were evaluated based enpéncent removal of the elements of
interest: U(VI), Si, Al, Ca, and IC. Figure 1 degit¢he percent removal of these elements in
solutions with pH increased up to 11 as a resuNtdfgasinjection.
The removal of U(VI) involves a phenomenon of Sgipitation following trapping of U by the
co-precipitation process (Allard et al., 1999)islknown that dissolved silica polymerizes in Si-
rich alkaline solutions. This process involves eation reactions and the formation of
amorphous silica particles by polymerization ofC8#), (ller 1979). Nucleation reactions can be
accelerated by aluminosilicate impurities serving ‘@eeds” due to a reaction between
monomeric silica Si(OH)and AI(OH} (ller, 1979).

>SO0H +Al(OH); « >SOAI(OH), +H* [1]
In addition, amorphous Si precipitates can be fakrng the aggregation of colloidal particles
due to the coagulation of alkaline earth metal cadbes (Kellermeier et al., 2010; Voinescu et
al., 2007) The additions of divalent ions such as calciumcar@monly used for coagulation of
colloidal silica from water; they flocculate colital silica along with other suspended or
precipitated matter (Sheikholeslami and Bright, 200
Our previous studies suggest that in Ca-free swigfi higher concentrations of Si, Al and
bicarbonate tend to have greater removal efficesicof U(VI), up to 95-99% at Si
concentrations between 150 mM and 250 mM. Howeterprocess of U(VI) removal was not
as efficient when the concentration of Si was s 50 mM (Si/Al ratio between 1 and 10).
Overall, the formation of amorphous Si always datesl with the removal of U(VI), Si, and Al

from the solution. When there was only a small dase in Siconcentrations from the
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supernatant solutions, the removal of U(VI) wasidutive or not observed (Katsenovich et al.,
2016).

The findings of a current study indicate that thercpntage of U(VI) removal was largely
controlled by the Si/Al ratios and calcium concatitms (Figure 1 (A,B)). Furthermore,
regardless of the bicarbonate concentration tetttedpercent of U(VI) removed increased as the
Si/Al ratios were increased. The uranium removededabetween 87% - 100%, starting at a
Si/Al ratio of 10 for all bicarbonate concentratsarested. The higher Ca concentration correlated
with higher U(VI) removal, ranging between 96%-9%6 low Si/Al ratios<10. Possible
mechanisms responsible for the U(VI) removal inelutie cumulative effect of nucleation
reactions forming calcium carbonate clusters upoding CaCh and NaCO; and then uptake of
uranyl by co-precipitation with calcium carbonaReéder et al., 2000; Reeder et al., 2001). The
following deposition of hydrated amorphous siliegdrs on the precipitated calcium carbonate
grains creates a silica layer coating on the aggesgKellermeier et al., 2010; Klein and Walter,
1995; Voinescu et al., 2007). Previous studies @vil)urapping in natural Si/Al-rich gels were
consistent with a co-precipitation process of Uafd Al that discussed encapsulation of U(VI)

within a silicate polymer (Allard et al., 1999).

100 1 ol A 100 - B
5 % LA % g T s ‘i g 8
L 80 X g5 #
g g
3 601 3
= < i
o g ¥
~ 40 A ® 0mMHCO3 = ® OmMHCO3
Z/ O 2.9mM HCO3 \>/ O 2.9mMHCO3
=) @ 25mMHCO3 D 85 - O 25mMHCO3
20 A 50mMHCO3 A  50mMHCO3
& 75 mMHCO3 <& 75mMHCO3
* 100 mMHCO3 * 100mMHCO3
0 ‘ ‘ ‘ 80 L . . . : :
0 10 20 30 40 50 0 10 20 30 40 50
Si/Al ratio Si/Al ratio

16



324
325
326
327

328

100 1 E § § 8 g
%
80
X ®
© ]
S 60
o
IS
@ 40 omM HCO3
& 2.9mMHCO3
25mM HCO3
20 1 50mMHCO3
75 mM HCO3
100 mM HCO3
0 : : : ‘ ‘
0 10 20 30 40 50
Si/Al ratio
1 E
100 @ % ®
*
80 -
©
©
S 60
o
€
L 404 ® OmMHCO3
= O 2.9mMHCO3
@ 25mMHCO3
20 | A 50mMHCO3
&  75mMHCO3
*  100mMHCO3
0 : : : : :
0 10 20 30 40 50
Si/Al ratio
G

“hop o1 ot 8o

o]
o
L

N
o
L

0 mM HCO3
2.9 mM HCO3
25 mM HCO3
50 mM HCO3
75 mM HCO3
100 mM HCO3

10 20 30 40 50
Si/Al ratios

Caremoval, %
(2]
o
—e

N
o
*Opooe

to—

o

100 &
80 - g
8 ¢
T 40 A
>
3 @
IS ® OmM HCO3
D 40
= O 2.9mM HCO3
0 O 25mM HCO3
20 | A 50 MM HCO3
& 75mM HCO3
* 100mM HCO3
0 ‘ ‘ ‘ ; ;
0 10 20 30 40 50
Si/Al ratio
100 ? ® ™ & @
®
80 -
S '
=
S 60 %
o
£ ® OmMHCO3
[ |
= 40 O 2.9mMHCO3
< @ 25mMHCO3
20 4 A 50 MM HCO3
¢ 75mMHCO3
% 100 mM HCO3
0 ‘ . . ‘ ‘
0 10 20 30 40 50
Si/Al ratios
100 1 & i g §
° 80 4 @ *
>
S 60
)
% ® 0mMHCO3
2 404 O 2.9mMHCO3
8 @ 25mMHCO3
A 50 mM HCO3
20 1 & 75mMHCO3
* 100 mM HCO3
0 T T T T T
0 10 20 30 40 50
Si/Al ratio

Figure 1. Removal of U(VI) from the solution mixture prepared with 5 mM of Ca (A) and 10 mM of

Ca (B); Removal of Si from the solution mixture prepared with 5 mM of Ca (C) and 10 mM Ca (D);

Removal of Al from the solution mixture prepared with 5 mM of Ca (E) and 10 mM Ca (F); Removal
of Ca from the solution mixture prepared with 5 mM of Ca (G) and 10 mM of Ca (H).
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The low solubility calcium carbonates may evolvenirthe synthetic solutions amended with
bicarbonate, calcium and silica at high pH valuesvieen 10 and 11. According to Kellermeier
et al. (2010), at alkaline pH, precipitation of thAenorphous calcium carbonate in Si-rich
solutions induces dissociation of bicarbonate amal release of protons resulting in a local

decrease in pH near the growing carbonate phases:
HCO; ~ COZ +H* 0% - caco, | [2]

Silicate species respond to these local pH chabgepolymerization reactions followed by
particle aggregation and flocculation (ller, 19KR@]lermeier et al., 2010):

S-0 +H" & -SOH+HO-SOI%-S-0-9 - 90, | [3]
Therefore, the decrease in pH caused by the ptatgyi of carbonate increases the local
supersaturation of silicic acid in the surroundingfsthe growing carbonate phases, thus
provoking precipitation of silica (Garcia-Ruiz &t 2009).
When a soluble silicate is mixed with solutions teaming metals other than the alkali metal
group, insoluble amorphous metal silicates alonth wither elements are precipitated out of
solution (ller, 1979). ller (ller, 1975) propose@chanisms of silica coagulation by calcium ions
leading to precipitation of those elements fronusoh. The adsorption of a calcium ion on the
negatively charged silica surface liberates onlg bydrogen ion by ion exchange, thus creating
one additional negative site on the Si surface,(1875). This negative site is neutralized by one
adsorbed calcium ion that retains a single positharge.

Ca*" +S<g, - H +S <2 .. [4]

ller (1975) assumed that a possible mechanism ob&julation is through interparticle bonding

that involves bridging by positively charged cafoiuons and attraction between surfaces
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bearing a mosaic of positive and negative sitese €Quilibrium distribution of dissolved
aqueous and solid phase species is discussedhlaiter text.

The removal of silica concentrations from the t@stelutions indicated that, in bicarbonate-free
and 3 mM HCQ solution mixtures amended with 5 mM of Ca, thecpatage of silica removal
at Si/Al ratios of 1 and 10 remained between 9798%; however, Si removal was lowered to
73% at higher bicarbonate concentrations rangiognf25 to 100 mM (Figure 1C). At higher
Si/Al ratios greater than 10, the percentage ak8ioval was found between 89% and 99% for
all bicarbonate solution concentrations tested.

When the Ca concentration was increased up to 1QtimVpercentage of silica removal at Si/Al
ratio 1, the lowest ratio investigated in this stuad/as increased to 93-99%. The precipitates
formed after combining all stock solutions are liguaot homogeneous in composition. This
depends on the degree of Si polymerization andgataton reactions that occur in the solution
mixture. This causes some discrepancies in thetsebatween replicate samples, especially
those prepared for low Si/Al ratios (Figure 1D).

In all experiments, the removal of Si correlatethvthe removal of U(VI) from solutions. Yet, at
the lowest Si/Al ratio, over 70% of the Si was rem from solution for all bicarbonate
concentrations, but less than 10% of the U was wvechofor the highest bicarbonate
concentrations. However, as Si concentration waeased, the effect of carbonate complexing
becomes minimal. This result demonstrates the tefiéacarbonate complexing on uranium
removal by silica. The opposite happened in expamis1 with Ca-free solutions; data
demonstrated higher U(VI) removal from the supem@ias the concentration of bicarbonate

solutions was increased (Katsenovich et al., 2016).
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The unique chemical affinity between silicon andnaihum is responsible for the removal of
aluminum from the solution (Figure 1E, F). Monoruesilica, Si(OH), reacts with Al* ions to
form aluminum silicate, which tends to precipit@ier, 1979). According to ller (1979), SiO
surfaces exposed to solutions containing aluminarm faluminosilicate surface complexes by
reaction with the following stoichiometry:

29(0OH), +2AI* +H,0=  Al,S,0,(0H), +6H" [5]
The presence of aluminum can radically affect thrhous silica surface properties due to
formation of aluminosilicate surface complexes ttesults in an entire armored surface coating,
which is extensive enough to reverse the net neg&i surface charge to positive (Dove and
Rimstidt, 1994). ller (1979) also demonstrated toat aluminum concentrations can give a
significant reduction in solubility for silica gel.
The removal of C4 ions from the solution is apparently due to thecgpitation of calcium
carbonate and silica coagulation reactions initiatpon addition of G4 ions (Figure 1G, H).
So, the addition of Caglo the SPW solution mixture containing sodium sile&cand bicarbonate
ions influencessilica coagulation reactions with the formation ®fbased multicomponent
precipitates, which could retain co-precipitatednimm (as U silicate or/and carbonate) within
its amorphous structure.
Another possible mechanism for Ca removal fromdblition mixture is the adsorption of Ca
ions on the silica amorphous surfatae adsorption of a divalent cation on the surfate
amorphous silica may increase the development sitipe charge sites, making a bridge by
reacting with two particles at their point of caettalThe adsorption of metal ions on the silica
surface may also affect the surface properties andddition, displace Hinto the solution

(Dove and Rimstidt, 1994; ller, 1975):
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SOH +Ca® - S0Ca*+H" [6]
Kellermeier et al. (2012) examined the formationchfster-like species grown when alkaline-
earth carbonates and silica are co-precipitategleatated pH. In their experiments, silica was
coagulated by the addition of CaClAnalyses of the flocculated material showed that
essentially consisted of amorphous silica, withaniamounts of calcium entrapped between the
coagulated particles. They ruled out precipitatdbrcalcium-rich silica particles in the samples
and expected that the major fraction of thé*Gans to be free and available for interaction with
carbonate under the experimental conditions.
According to the speciation modeling predictionaybonate ions at pH 10-11 are mainly
distributed between G, HCO;, CaCQ, CaHCQ" and NaC@ species. From those species,
only the precipitation of calcium carbonate cantoarthe removal of inorganic carbon from the
aqueous solution. Speciation modeling suggestedahaH 11, the percent of total calcium
carbonate species accounts 0.03% for 3 mM K& 0.1% at 10 mM of Ca and 50 mM HLO
of the total concentration of bicarbonate presetigily in the solutions. However, experimental
results suggested that the removal of inorganibarawvas much higher and increased for 10
mM of Ca in the solution mixture composition, upB®-86% for the 25-100 mM range of HEO
. For the compositions prepared with 5 mM of Ca,dmoval of inorganic carbon at Si/Al ratios
ranging from 30 to 50 averaged 35-45%, whichse ahuch higher than the values predicted by
GWB (Figure 4S, 5S) . We hypothesized that therdgancies between GWB-predicted percent
of COs* precipitation as calcium carbonate and the percéniC removal obtained in the
experiments were due to silica coagulation leatingncapsulation of carbonate-bearing solids
within an amorphous silicate matrix. Precipitatioh CaCQ and its encapsulation within

amorphous Si-bearing precipitates causes changbs itarbonate system due to the decrease in
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the calcium carbonate saturation state. Coatingiliga may force a shift in the equilibrium
between bicarbonate ions towards generation of Ga@Bich precipitates out of solutiom
previous studies, silica uptake onto calcium caab®was shown to increase in higher-ionic-
strength solutions and higher silica aqueous cdrattons (Kitano et al., 1979). The reaction
continues with carbonate solid phases, most likety hydroxyl groups, a mechanism that
provokes silica flocculation (Ruiz, 1998).

3.2  Speciation modeling results

Modeling calculations on uranium species distritmitshowed similar results for both calcium
concentrations tested (Figure 2 for 10 mM of Ca Bimgire 2S for 5 mM of Ca). According to
speciation modeling predictions, in bicarbonatesf8®W solutions, UQOH); and UQ(OH),*
were the predominant uranyl species. However, tleseentrations were ~44% lower than
reported for Ca- and bicarbonate-free SPW solut{&atsenovich et al., 2016). In the aqueous
solution containing carbonate ions at pH > 8, U(sfiecies are mostly present as {(ffiD)s*,

but the addition of calcium ions changed the spieriatowards the formation of
CaUO,(COs)s(aq) and CaUg(COs)s* for 0.1% NH. Concentrations of GHEO,(COs)s(aq)
CaUQy(C0s)s%, and UQ(OH)s decreased at higher bicarbonate concentrationsstabilized
after pH 10.5. At 3 mM of bicarbonate, these comgdewere noted to decrease considerably
starting at pH 9.0 for 5 mM of Ca (not shown) andb>pg.5 for 10 mM of Ca (Figure 2B1). At
higher bicarbonate concentrations, 4000;);* was the dominant uranyl species and its
concentration was almost unchanged over the stytetange followed by the Cal(@Os)s*
species (Figure 2C1).

The speciation modeling (SM) predicted the formatod relevant uranium mineral phases; in

the bicarbonate-free conditions, speciation predi¢he formation of uranophane (SI=1). It also
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identified the formation of Na-boltwoodite and urglurated uranyl oxide hydrates, clarkeite
and metaschopite; the last two were favorable urmearbonate-free and low bicarbonate
concentrations (Figure 2 A2). At low bicarbonaten@entration at pH close to 9, most uranyl
solid phases were undersaturated except uranght@liminerals, (Na-K) boltwoodite with Sl at

0.94 and uranophane as\t 1 (Figure 2B2). At higltaidbonate concentration, grimselite was

found to be the main uranyl

B2). Similar speciation modeling results were atxtdi for the formulation that included 5 mM

of Ca.
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Figure 2. Diagrams of uranium aqueous species and saturation indices of some of uranium-
bearing mineral phases plotted as a function of pH for 0.1% of NH; [0.063 mol/L NHs(aq)]. Sample
composition includes 10 mM of Ca, 50 mM of Si and varied HCO3; concentrations. The first row
shows diagrams for HCOs-free samples (Al, A2), the 2nd and 3rd rows show the diagrams for 3.0
mM (B1, B2) and 50 mM of HCOj3 (C1, C2).

3.3  Characterization of uranyl solid phases

Studies also attempted to determine the morphadbgicd mineralogical characteristics of the
uranium solid phases produced during ammonia tertnSEM-EDS analyses were performed
for observation of uranium phases (Figure 3) anddlect representative samples for XRD
analysis (Figure 4). The samples prepared withHhigicarbonate concentrations showed the
uranium dense regions of amorphous collection. BB&ysis of these areas resulted in uranium
atomic percentages of 14.8% (Figure 3RM)e diffraction analysis revealed potential matdioes
grimselite (KkNa(UG,)(COs)s*H0), along with calcite and the overwhelming preserut
nitratine (NaNQ@) (pure mineral intensity is not shown on the gjag-igure 4A). The finding of
grimselite mineral in the sample composition masgctie speciation modeling results conducted

for “high” bicarbonate samples.
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Element Wit% At%
CK 08.24 15.18
NK 04.13 06.53
OK 32.78 45.37

NaK 08.81 08.48
AIK 02.19 01.80
SiK 20.51 16.17
CIK 04.57 02.85

KK 01.53 00.87
CaK 02.46 01.36

UL 14.78 01.37

Matrix Correction ZAF

Element Wit% At%
CK 14.60 31.53
OK 10.80 17.50

NaK 02.51 02.83
AIK 02.14 02.05
SiK 21.06 19.45
CIK 12.13 08.87
UM 11.42 01.24
KK 06.10 04.05
CaK 19.26 12.46
Matrix Correction ZAF

Figure 3.SEM image of the dried precipitate sample and the spot composition using EDS. A)
Sample composition included 50 mM of Si, 5 mM Al, 10 mM of Ca and 50 mM HCOs. B) Sample
composition included 50 mM of Si, 5 mM Al, 10 mM of Ca and 3 mM HCOs.

The low bicarbonate precipitate composition shoaely significant amorphous uranium-dense
areas with U atomic percentages at the level of {Aigure 3B), which coincided with Si weight
percentage at the level of 21%.

The XRD pattern produced a broad undefined singlakpbetween @ between 12 and 22,
suggesting the presence in the sample of amorphaisrials as well as well-defined peaks
representative for crystalline forms (Figure 4BheTpresence of boltwoodite and uranophane
were predicted by the speciation modeling (FiguA22B2, C2) and SEM-EDS identified areas
of concentrated uranium and Si. However, uranytatiés were not detected with any certainty

by powder XRD perhaps due to the amorphous nafutreese solid phases in our experiments.
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Figure 4. XRD Diffractogram for uranium-bearing precipitate samples prepared with A) 50 mM of
Si, 5 mM Al, 10 mM of Ca and 50 mM HCOs. (left y-axis intensity of the sample and right-y-side
reference pattern); B) 50 mM of Si, 5 mM Al, 15 mM of Ca and 3 mM HCO:;.

4.0 Conclusion

Our results provided details on the effect of vasi&i/Al ratios as well as bicarbonate and
calcium concentrations on the removal of uraniuomfrthe synthetic sediment-free solution
mixtures. It is evident that solutions with higleemcentrations of Si and Ca exhibited greater
removal efficiencies of U(VI), reaching up to 98989In the presence of 10 mM of Ca, the
removal of U(VI) have overshadowed the resultsiobthfor 5 mM of Ca ions introduced in the
solution mixture. In addition, when the Ca concatidn was increased up to 10 mM, the
percentage of silica removal at Si:Al ratio 1, fbevest ratio investigated in this study, was
increased to 93-99%, which was higher than theltseesbtained in the presence of 5 mM of Ca.
In all of the experiments, the removal of Si catetl with the removal of U(VI) from solution.
Overall, the formation of precipitate always caoatetd with the removal of U(VI), Si, Al and Ca
from the solution. GWB modeling predicted that h@&/l) was present in solution dominantly as
CaUO,(COs)s and CaURCOs)s2 In the presence of Ca, the speciation modelireglipted

supersaturation of uranophane, (Na-K) boltwooditd grimselite phases, indicating that these
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minerals can be precipitated during the treatmetit ammonia gas. XRD analysis revealed the
formation of grimselite in the samples preparedhwiiigh bicarbonate concentrations of 50 mM.
At low bicarbonate concentrations, XRD detected fttrenation of andersonite phases. XRD
analyses haven't identified uranyl silicate phasesyever, SEM-EDS suggested that higher Si
weight percentage coincided with higher U wt%, haould justify the formation of uranyl
silicate minerals predicted by speciation modetalgulations.
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Percentage of U(VI) removal was controlled by the Si/Al ratios and Ca concentrations.
Higher calcium concentrations correlated with higher U(VI) removal.
Speciation modeling predicted the formation of relevant uranium mineral phases.

Precipitation correl ated with the removal of U(VI), Si, Al and Cafrom solution.



