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1. Introduction 
 

Power plant and weapon industries in many countries 

have extensively used a uranium (U) as a raw material. It 

requires a large quantity of U supply that involving U 

handling process such as mining, milling, and purification. 

An enormous volume of U waste were generated from the 

process and its accidental leakage causes radioactive 

contamination of subsurface environment (Amaral et al. 

1998, Alves et al. 2004, Peterson et al. 2008). Released U 

migrates along the groundwater pathways as hexavalent 

form (U(VI)) and its mobility is determined by the 

interaction with natural materials including clay, metal-

oxides, and microbes, etc (Gavrilescu et al. 2009, 

Selvakumar et al. 2018).  

Sorption is one of the dominant interaction at water-

mineral interfaces that retards U(VI) migration in the 

groundwater. Ferrous minerals are abundant natural 

materials and numerous studies have reported that the 

mineral could adsorb the aqueous U(VI) on its surface. 

Magnetite (Fe3O4), mixed ferrous/ferric mineral formed by 

abiotic corrosion or microbial transformation, showed 

effective removal of aqueous U(VI) from MQ water at 

circumneutral pHs (Missana et al. 2003, Aamrani et al. 

2007, Das et al. 2010, Crane et al. 2011). It could uptake 

more than 20% of aqueous U(VI) even from environmental 

water (Crane et al. 2011).  
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Mackinawite (FeS) is a ferrous sulfide mineral and it 

completely separated aqueous U(VI) in several hours via 

Fe2+
surface exchange at wide range of pHs (Livens et al. 

2004, Hua and Deng 2008, Hyun et al. 2012, Gallegos et al. 

2013). Pyrite (FeS2) also adsorbed aqueous U(VI) on its 

≡Fe-OH and ≡S-SH sites coupled with deprotonation 

process (Eglizaud et al. 2006, Scott et al. 2007, Descostes et 

al. 2010). The ferrous minerals not only adsorb U(VI) but 

also subsequently and/or simultaneously reduced it into 

immobile U(IV) by donating electrons from the surface 

ferrous/sulphide phases, thereby, the ferrous minerals have 

attracted a great attention as an in-situ remediation approach 

for long-term retardation of U(VI) transport.  

Green rust ((Fe4
2+Fe2

3+(OH-)12)2+(Anion∙2H2O)2-) and 

vivianite (Fe3
2+(PO4)2∙8H2O) are the secondary ferrous 

minerals that typically found in iron reducing environments. 

Green rust is the product of reduction of hydrous ferric 

oxides/oxyhydroxides by a metal-reducing bacterium. In 

phosphate-rich condition, vivianite is an end-product of the 

microbial ferric reduction. The biogenic minerals have been 

reported that effectively de-chlorinate and adsorb a wide 

range of environmental contaminants including chlorinated 

compounds, As(V), Cr(VI), Se(VI), Cu(II), Hg(II), etc 

(Bond and Fendorf 2003, O’Loughlin et al. 2003, Hudson-

Edwards et al. 2008, Jonsson and Sherman 2008, Bae and 

Lee 2012, Schellenger and Larese-Casanova 2013). 

Previous XAFS studies confirmed that the adsorbed U(VI) 

on the green rust and vivianite surface was reduced into 

nano crystalline uraninite (UO2) and monomeric U(IV) 

particles, respectively (O’Loughlin et al. 2003, O’Loughlin 

et al. 2010, Veeramani et al. 2011). It suggests that green 

rust and vivianite can play an effective barrier role in the 
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subsurface transport of aqueous U(VI). In addition, 

geochemical factors in the subsurface affect interaction of 

aqueous U(VI) with mineral surface. Phosphate and 

carbonate, major ions in groundwater, have been known 

that those can enhance or hinder the U(VI) adsorption 

performance of the iron minerals (Payne et al. 1996, 

Romero-Gonzalez et al. 2007, Cheng et al. 2007, Bachmaf 

et al. 2008, Singh et al. 2012).  

In this study, the surface reaction of aqueous U(VI) with 

sulfate-green rust (GR) and vivianite (Viv) were 

investigated in the phosphate-rich conditions. Adsorption 

kinetics of U(VI) on the minerals were determined 

considering effects of solution pHs and major groundwater 

ions such as calcium (Ca2+) and carbonate (CO3
2-). The 

chemical species on the mineral surface were examined by 

X-ray spectroscopy to identify the surface reaction process. 

 

 

2. Materials and methods 
 
2.1 Materials 
 

All chemicals in the experiments were ACS grade or 

higher and used without further purification. For the 

mineral synthesis, ammonium ferrous sulfate hexahydrate 

[(NH4)2Fe(SO4)2∙6H2O, 99.997%, Sigma-Aldrich], 

anhydrous sodium acetate (CH3COONa, >99%, Aldrich), 

sodium phosphate dibasic (Na2HPO4, 99.95%, Aldrich), 

sodium hydroxide (NaOH, >97%, Aldrich) were used. 

Phosphate buffer system were prepared with potassium 

phosphate monobasic (KH2PO4, > 99%, Aldrich) and 

Na2HPO4. Calcium hydroxide (Ca(OH)2, >95%, Aldrich) 

and sodium bicarbonate (NaHCO3, >99.7%, Aldrich) were 

used in the experiments of groundwater ions effect. Uranyl 

nitrate hexahydrate (UO2(NO3)2∙6H2O, 98 – 102%, Fluka) 

was dissolved in 1x10-1 M HClO4 to prepare 1X10-3 M 

U(VI) stock solution. All the experiments were conducted 

in an anaerobic chamber (atmospheric condition: 95% N2(g) 

and 5% H2(g), Coy Laboratory Products Inc.) and the 

solutions were made using deaerated deionized water 

(DDW, resistivity > 18.2 MΩcm) purged by N2(g) for 24 h. 

GR and Viv were synthesized according to the previously 

our reported method (Sihn et al. 2013, Bae et al. 2018). 

Briefly, aqueous Fe(II) was mixed with phosphate solution 

to obtain Viv precipitates. GR was synthesized by 

precipitating Fe(II)/Fe(III) solution at alkaline condition. 

 

2.2 Materials 
 

Batch adsorption experiments were carried out in duplicate 

with 24 mL polytetrafluoroethylene (PTFE) vial at 25±°C and 

each sample representing one data point. An aliquot amount of 

the minerals (GR and Viv) was transferred into the vial 

containing 23 mL of 0.2 M phosphate buffer (mixture of 9.36 

g/L KH2PO4 with 32.73 g/L Na2HPO4) solution adjusted at pH 

7. Initial Fe(II) concentration in the suspension was 1 mM and 

an exact amount of U(VI) stock solution was injected into the 

vial, i.e., [U(VI)]initial = 1 μM, to initiate the reaction. Vials 

were immediately capped and transferred into the gastight 

container filled with N2 gas. It was mounted on the end-over-

end rotator at 0.5 rpm and the sample was periodically 

sacrificed to quantify aqueous U concentration. The suspension 

was filtered through 0.2 μm nylon filter and the filtrate was 10 

times diluted with 4% HNO3 solution to determine aqueous U 

concentration by Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS, Perkin-Elmer, Elan 6000). In the 

experiments of pH effect, suspension pH was pre-adjusted to 5 

and 9 by adding a few drops of 1 M HClO4 and NaOH 

solution. Calcium hydroxide and sodium bicarbonate were 

used to determine the groundwater ion effects on the U(VI) 

interaction with the GR and Viv. 

 
2.3 Analysis 
 

The synthesized mineral phases were identified by high-

resolution powder X-ray diffractometer (Rigaku, Smartlab) 

with Cu Kα radiation. The dried sample was scanned at 2θ 

from 10° to 70° range at a scan rate of 2°∙min-1. Surface area of 

the minerals were measured by Brunauer-Emmett-Teller 

(BET) method using Micromeritics, 3 Flex. Prior to the 

measurement, the sample was degassed at 150°C for 2 h. The 

surface charge of the minerals were determined by zeta-

potential analyzer (ELS-Z2, Otsukael). The mineral suspension 

in 0.1 M HClO4 was manually shaken for 2 min. and let the 

aggregated particles settle for 5 minutes through gravitational 

settling. The supernatant was taken and titrated to the target pH 

by adding 1 M HClO4 and NaOH. X-ray photoelectron 

Spectroscopy (XPS, Thermo Scientific, K-alpha) analysis have 

investigated the redox states of U 𝟒𝒇𝟕 𝟐⁄  and Fe 𝟐𝒑𝟑 𝟐⁄  on 

the reacted mineral surfaces. The reacted mineral suspension 

was vacuum filtered through 0.2 μm nylon filter and the 

collected solid phase was washed with DDW for 3 times. The 

sample was freeze-dried for 2 d. It was suspended in the N2-

purged ethanol and immediately transferred to the XPS 

vacuum chamber to prevent oxygen contact from air. XPS 

analysis was conducted with 20 eV of pass energy; 50 msec of 

dwell time; 15 times narrow scan. The charge shift effect was 

corrected using the C 1s peak at 284.8 eV as a standard value. 

 

3. Results and discussions 
 
3.1 Aqueous U(VI) removal by the minerals 
 

 

 
Fig. 1 XRD pattern of the synthesized (a) Vivianite (b) 

Sulfate-Green rust 
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Fig. 2 Chemical distribution of aqueous U(VI) species in 

the phosphate buffer solution 

 

 

The purity of the synthesized GR and Viv were 

confirmed by XRD analysis as shown in Figure 1. The 

measured peak positions and relative intensities were 

consistent with the reference data (ICDD database) 

confirming successful synthesis of the minerals. The U(VI) 

stock was diluted in the 0.2 M phosphate buffer solution at 

pH 7. Figure 2 showed the chemical species of aqueous 

U(VI) that calculated by thermodynamic equilibrium 

modelling program (Visual Minteq 3.1). The uranyl 

phosphate species, UO2HPO4 and UO2(PO4)-, are found to 

be dominant at pH 7 and it agrees well with the 

experimental results in our previous laser spectroscopy 

study (Sihn et al. 2016).  

Aqueous U(VI) was rapidly removed by GR and Viv at 

pH 7 (Figure 3). The control sample showed the constant 

U(VI) value indicating aqueous U(VI) did not interact with 

inner-surface of the vial. In the presence of the minerals, 

aqueous U(VI) concentration was rapidly reduced and it 

reached equilibrium-state plateau after 5 min. GR removed 

more than 97% of U(VI) in 5 min. while 62% of U(VI) was 

removed by Viv. It was slowly increased up to 70% after 24 

h. The removal kinetics by the minerals were fitted with 

pseudo-second order kinetic model as follows. 

𝑡

𝑞𝑡

=
1

𝑘𝑞𝑒
2

+
𝑡

𝑞𝑒

 (1) 

where 𝑞𝑡 [mg∙g-1] and 𝑞𝑒 [mg∙g-1] are the amounts of 

adsorbed U(VI) at specific and equilibrium times, 

respectively; 𝑡 is reaction time [min]; 𝑘 is pseudo-second 

order rate constant [g∙(mg∙min)-1].  

The model was found to show the best fit for the 

removal behaviour as shown in Figure 1(b) (R2 > 0.999). 

This good agreement indicates that the U(VI) removal by 

the minerals were occurred via the chemisorption process 

(Ho and Mckay et al. (1999)). The calculated rate constants 

were 5.05 x 10-2 g∙(mg∙min)-1 for GR and 3.91x10-3 

g∙(mg∙min)-1 for Viv. The estimated adsorption capacity of 

GR (53.48 mg∙g-1) were also higher compared to that of Viv 

(32.62 mg∙g-1). The results demonstrated that the GR could 

remove aqueous U(VI) with 1.6 times higher quantity and 

13 times faster kinetic than Viv. 

 
Fig. 3 (a) Aqueous U(VI)-phosphates removal and (b) its 

kinetic (pseudo-second-order fitting) in GR and Viv 

suspension at pH 7 

 

 
Fig. 4 Zeta potential curve as a function of pH for GR and 

Viv 

 

 

Zeta potential of the minerals were measured as a 

functional of suspension pH (Figure 4). At pH 3, the surface 

charge of Viv was -9.9 mV and the tendency was increased 

as pH increases (-29.4 mV at pH 5). GR surface showed 

positively charged value (+3.0 mV) at pH 7 and it was 

shifted to the negatively charged region (-0.3 mV) at pH 9. 

At the reaction pH (pH 7), the results revealed that Viv 

surface was negatively charged while GR surface was weak 

positively charged. The initial U(VI) species were 80% of 

UO2(PO4)- with 20% UO2HPO4 (Figure S2), therefore, the 

electrostatic attractive force between U(VI) species and GR 

surface might result in the rapid and complete adsorption of 

U(VI). The limited U(VI) adsorption by Viv could be 

attributed to the electrostatic repulsive force between 

negatively charged surface and U(VI) species. It indicates 

that the removal of U(VI)-phosphate complexes by the 

minerals would be dependent on the charge-charge 

interaction at water-mineral interfaces. 

 

3.2 pH and anion/cation effects 
 

The effect of solution pH and major ions were 

investigated by means of batch experiments. Aqueous 

U(VI) concentration in reacting with the minerals were 

monitored from acidic to alkaline pH conditions (Figure 5 
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(a) and (c)). GR could remove more than 95% of aqueous 

U(VI) in 1 min. at all the suspension pHs. Viv quickly 

removed aqueous U(VI) in 5 min. and the efficiencies were 

decreased as pH increases (η𝑟𝑒𝑚𝑜𝑣𝑎𝑙  = 66% at pH 5; 

η𝑟𝑒𝑚𝑜𝑣𝑎𝑙  = 62% at pH 7; η𝑟𝑒𝑚𝑜𝑣𝑎𝑙  = 51% at pH 9). After 5 

min., aqueous U(VI) concentration was slowly reduced and 

the final efficiencies were 69-71%. The results showed that 

GR can completely adsorb U(VI)-phosphate complexes at 

the groundwater pHs. However, Viv performance would be 

limited at basic conditions. Figure 5 (b) and (d) demonstrate 

the kinetic fitting results at different pHs. The model (R2 > 

0.979 – 0.999) nicely fit the adsorption behavior. The 

kinetic constants of GR were 2.15 – 5.05 x 10-2 g∙(mg∙min)-

1 at pH 5 – 9 and 7 – 80 times lower kinetic constants were 

obtained by Viv as 7.39 – 0.63 x 10-3 g∙(mg∙min)-1 at pH 5 – 

9. The calculated adsorption capacities of GR (53.3 – 53.9 

mg∙g-1) were higher than that of Viv (31.5 – 33.5 mg∙g-1) in 

a range of pH 5 to 9. 

The chemical distribution of U(VI) complexes were 

predicted as a function of pH (Figure 2). The uranyl 

phosphates (UO2HPO4/UO2(H2PO4)2) were dominant at pH 

5, however, the species were converted to UO2(PO4)- 

/UO2(OH)3
- at pH 9. The surface charge of the minerals 

 

 

were measured (Figure 4) and the zero charge value of GR 

was 8.35. Viv showed much lower value as 3.3. The results 

indicate GR surface was positively charged at acidic to 

weakly basic condition, therefore, it facilitates adsorbing 

neutrally/negatively charged U(VI) species. However, 

negatively charged Viv surface over pH 3 was not feasible 

to adsorb neutral/negatively charged U(VI). In conclusion, 

U(VI) adsorption performance of the minerals would be 

determined by its surface charge properties toward uranyl 

species at groundwater conditions. 

As shown in Figure 6(a) and (c), the effects of Ca2+ and 

HCO3
- were investigated on the U(VI) adsorption by the 

minerals. The typical value of the ions in groundwater, 

Daejeon; South Korea, were used as [Ca2+]=15 ppm and 

[HCO3
-]=80 ppm. In GR suspension, aqueous U(VI) over 

95% was removed in 1 min. and it did not desorb for 48 h. 

It proved that the U(VI) adsorption performance of GR was 

maintained in the presence of Ca2+ and HCO3
-. Viv could 

remove 62% of aqueous U(VI) in 5 min. and the 

efficiencies were reduced by adding Ca2+ (η𝑟𝑒𝑚𝑜𝑣𝑎𝑙  = 44%) 

and HCO3
- (η𝑟𝑒𝑚𝑜𝑣𝑎𝑙  = 29%). The values were slowly 

increased to 69-73% after 48 h. The experimental data were 

fitted by the pseudo-second order kinetic model (Figure 6 

  

Fig. 5 Aqueous U(VI)-phosphates removal by (a) GR and (c) Viv and its kinetic (pseudo-second-order fitting) of (b) GR 

and (d) Viv at different pH conditions 
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(b) and (d)) and the good agreements were obtained (R2 > 

0.923 – 0.999). The kinetic constants of GR were similar as 

1.84 – 3.01 x 10-2 g∙(mg∙min)-1 in the absence and presence 

of Ca2+/HCO3
-. However, Viv showed roughly 10 times 

lower rate (Ca2+: 0.49 x 10-3 g∙(mg∙min)-1 ; HCO3
-: 0.30 x 

10-3 g∙(mg∙min)-1) compared to the value (3.91 x 10-3 

g∙(mg∙min)-1) at ion-free conditions. The calculated 

adsorption capacities were 53.3 – 53.9 mg∙g-1 for GR and 

32.3 – 33.0 mg∙g-1 for Viv. 

The formation of aqueous U(VI) species can be 

influenced by the groundwater composition, therefore, the 

U(VI) species distribution in the presence of the ions was 

calculated as shown in Figure 7. Calcium ion did not affect 

the U(VI) species distribution while uranyl tricarbonate 

(UO2(CO3)3
4-) was newly formed by adding bicarbonate ion 

([HCO3
-]=80 ppm). At pH 7, GR surface was positively 

charged and it would facilitate adsorbing UO2HPO4 and 

UO2(PO4)-/UO2(CO3)3
4-. The corresponding experimental 

results were also observed in which rapid and complete 

adsorption of U(VI) by GR (Figure 4(a)). Viv showed the 

13 times lower rate in the presence of HCO3
- that might be 

attributed to the electrostatic repulsive force between Viv 

 

 

 
Fig. 7 Chemical distribution of aqueous U(VI) species in 

the phosphate buffer solution containing (a) [Ca2+] = 15 

ppm and (b) [HCO3
-] = 80 ppm 

 

surface and UO2(CO3)3
4-. Addition of HCO3

- have resulted 

in the formation of UO2(CO3)3
4- that was not feasible 

binding on the negatively charged Viv surface. In addition, 

carbonate showed the inhibiting effect on the U(VI) 

adsorption by ferrihydrite at pH > 6 (Waze et al. 2003). 

Interestingly, Ca2+ have resulted in 8 times lower adsorption 

rate of Viv (Figure 6(c)) compared to the value at Ca2+-free 

condition. The thermodynamic equilibrium calculation 

showed that Ca2+ did not alter the species distribution  
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(Figure 7(a)), therefore, the lower rate of Viv might have 

occurred due to competitive adsorption process. Previous 

studies have reported that the Ca2+ binding on the phosphate 

mineral surface at groundwater condition (Aoba et al. 

1992). It implies that the competitive Ca2+ adsorption on the 

Viv surface would inhibit the interaction of U(VI) with the 

adsorptive sites.  

 
3.3 XPS analysis on the reacted minerals 
 

The oxidation states of U and Fe on the mineral surface 

were measured by XPS. Figure 8 showed the U and Fe 

spectrum on GR surface at phosphate-rich condition. After 

1 h reaction, two distinct U peaks (381.95 and 380.3 eV) 

were observed indicating the adsorbed U(VI) was partially 

reduced into U(IV). The dominant Fe spectra was Fe(II) at 

709.8 eV and small area with Fe(III) peak was measured at 

712.5 eV, respectively. From the 7 d reaction samples, the 

minor peaks were disappeared and intense single U(IV) and 

Fe(III) peak were detected at 380.2 and 711.3 eV (Figure 8 

(c) and (d)). The results suggest that the aqueous uranyl-

phosphates were chemically adsorbed on GR surface in 1 h 

and it was fully reduced into U(IV) after 7 d reaction. 

 

 

In addition, the complete oxidation of surface Fe(II) of GR 

was simultaneously occurred. Figure 9 demonstrates the 

redox state of U and Fe on the reacted Viv surface. From the 

1 h reaction sample, the major U peak was U(VI) (382.4 

eV) and the peak with smaller area was U(IV) (380.1 eV). 

The Fe spectra showed two peaks representing Fe(II) 

(710.15 eV) and Fe(III) (713.5 eV), respectively. After 7 d 

reaction, the dominant U peak was shifted to U(IV) at 380.1 

eV, but small area of U(VI) was still observed (382 eV) 

(Figure 7 (c)). The major peak of Fe was Fe(III) phases 

(712.5 eV) and the small area of Fe(II) (709.5 eV) was 

remained as shown in Figure 9 (d). The results indicate that 

the limited reduction of U(VI) was occurred and the Fe(II) 

phases was partially oxidized into Fe(III) on Viv surface. 

Concurrent U(VI) reduction-Fe(II) oxidation on the mineral 

surfaces were confirmed by XPS analysis. The process 

might have occurred by donating electrons from surface 

Fe(II) phases to the adsorbed U(VI) species. The U(VI) 

reducing ability of GR was higher than that of Viv at 

phosphate-rich conditions and it implies that Fe(II) phases 

of GR surface has higher redox-activity compared to the 

that of Viv. 

 

  

Fig. 8 XPS spectra of U 𝟒𝒇𝟕 𝟐⁄  and Fe 𝟐𝒑𝟑 𝟐⁄  from GR surface reacted with U(VI)-phosphates (a) U and (b) Fe spectra after 

1h reaction; (c) U and (d) Fe spectra after 7d reaction 
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5. Conclusion 

 

We have investigated the aqueous U(VI) removal 

behavior of GR and Viv at phosphate-rich conditions. The 

dominant U(VI) species were uranyl phosphate complexes 

and those were quickly removed by the minerals. The 

experimental data were well fitted by pseudo-second order 

kinetic model representing U(VI) was chemically adsorbed 

on the mineral surfaces. The adsorption kinetic and capacity 

of GR were faster and higher than that of Viv. It might be 

attributed to the favorable charge property of GR surface 

toward neutral/negatively charged U(VI) species. In the 

presence of Ca2+ and CO3
2-, the adsorption performance of 

GR was not influenced by the ions. However, the 

competitive adsorption of Ca2+ and newly formed 

UO2(CO3)3
4- species have resulted in the 8 – 13 times lower 

adsorption kinetic of Viv. The chemical reduction of 

adsorbed U(VI) into U(IV) was confirmed by XPS analysis. 

GR could fully reduce adsorbed U(VI) in 7 d, however, 

limited reduction of U(VI) (≒80%) was observed on Viv 

surface. The Fe(II) phases on the mineral surface were 

oxidized into Fe(III) indicating surface Fe(II) might play an 

electron donor role in the U(VI) reduction process. GR and 

Viv are the secondary minerals that typically found at 

metal-reducing bacteria dominant subsurface. Phosphate 

 

 

is essential for microbial metabolism, therefore, GR and 

Viv-enriched environments would contain high-levels of 

phosphate. The findings in this study prove that aqueous 

U(VI) in phosphates-buffer solution was effectively 

removed by GR and Viv through surface-mediated 

adsorption process. The adsorbed U(VI) was chemically 

reduced into immobile U(IV) by receiving electrons from 

surface Fe(II) phase. It suggests that GR and Viv can be 

applied to the in-situ remediation technology to retard and 

long-term immobilize U(VI) transport in groundwater. 
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