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Abstract

:

The heterogeneous interactions of colloidal U particles with organophosphates, leading to the formation of U-phosphate minerals, can retard the migration of U in contaminated sites. Here, we studied the hydrolytic mechanism of p-nitrophenyl phosphate (NPP) on the surfaces of tetravalent uranium nanoparticles (U(IV)NPs), resulting in the formation of U-phosphate precipitates. Our study shows that the reaction rate of NPP hydrolysis is significantly enhanced by U(IV)NPs through a multi-step heterogeneous reaction on the particle surfaces. The end products of the reaction were identified as U(IV)NPs-aggregates with surface-bound phosphates. Colloidal properties, such as high positive values of the zeta-potential (>+30 mV) and large surface areas of U(IV)NPs due to their unique cluster structures consisting of relatively small primary UO2(cr)-particles, are correlated with their reactivity towards hydrolysis reaction. Reaction kinetic modeling studies using spectrophotometric data indicated the presence of two distinct reaction intermediates as the surface complexes of NPP on U(IV)NPs. We suggest the involvement of the NPP inner-sphere complexes in the rate-determining step based on the results obtained by analyzing the ATR-FTIR spectra and the surface-enhanced infrared absorption of NPP bound to substrate surfaces.
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1. Introduction


Tetravalent uranium(U(IV)) is generally considered an immobile species under reducing repository conditions due to its low solubility and strong tendency to be retained at mineral surfaces [1]. It is recognized, however, that U(IV) in aqueous solution is dominated by colloidal species under reducing conditions [2]. The generation of such colloids/nanoparticles can increase the amount of U in groundwater, and is higher than expected from their thermodynamic solubility; consequently, enhancing the possibility of their migration [3]. Further, U’s colloidal behaviors can be influenced by various interactions, such as adsorption, complexation, and surface reaction on colloidal particles, with mineral compounds and organic materials in environments [4,5]. Thus, a precise understanding of the colloid-facilitated transport of U is required to establish the immobilization strategy of such colloids in U-contaminated sites.



Phosphates have been shown to immobilize U by sorption [6,7] and by facilitating the precipitation of U-bearing phosphate minerals [8,9]. These strategies utilize the poor mobility of phosphate within sediments by adsorption onto mineral phases, co-precipitation with metals and radionuclides, and ion-exchange reactions [10]. Murray et al. observed that U can be strongly adsorbed on apatite, which has a high capacity for retaining U by phosphate mineralization [7]. Biotic approaches for immobilizing subsurface U were also examined using microbial phosphatase activities that promote the in situ sequestration of U as an insoluble phosphate mineral [11,12]. In the presence of organophosphates under reducing conditions, the biomineralization of U(VI)-phosphate minerals has been shown to be more effective for removing U than bioreduction to U(IV) species; e.g., uraninite. This is because biogenic U(IV) is considered to be prone to oxidative remobilization after exposure to oxygen or nitrate [13]. Furthermore, the ningyoite-like U(IV)-phosphate precipitates obtained by stimulating microbial U(VI) reduction in supplement with organophosphate (e.g., glycerol phosphate) exhibit high resistance to oxidative remobilization [12]. Also, mononuclear U(IV)-phosphate complexes and nanocrystalline U(IV) minerals were identified as major forms of U in laboratory bioreduction settings as well as in lake sediments possessing rich organic matter [14,15]. However, the chemical mechanism of U-phosphate mineralization as well as the reactivities of each U(IV/VI) species involved has not been separately evaluated so far.



In fact, the occurrence of phosphate via the decomposition of organophosphates and its adsorption to mineral phases have been extensively studied to understand the fate and cycle of the phosphorous present in natural waters, sediments, and soils [16,17,18,19,20,21]. It has been shown that various insoluble minerals in aqueous media, including anatase (TiO2), goethite (α-FeOOH), and MnO2, cause an increase in the rate of the hydrolysis of organophosphates [22,23,24,25]. Conversely, among the homogeneous catalytic systems in previous studies [26,27,28,29,30,31], highly charged metal cations, including lanthanides (Ln)(III), Ce(IV), and Th(IV), were found to be the most active complexes for the hydrolysis of phosphoesters [32,33,34,35]. These studies indicated that the Lewis acidities of these metals and the presence of bound hydroxide are crucial for stabilizing the transition state of phosphoester hydrolysis. However, due to the exceptionally low solubility of transition metal ions in aquatic environments, heterogeneous reactions involving suspended mineral phases, instead of homogeneous ones, may be crucial in the cycling of phosphorous.



To date, only few results regarding the interaction of U(IV) species with phosphate and organophosphates, which may accelerate or retard the migration of U, have been reported. In this study, we investigated the intrinsic reactivities of U(IV) toward the hydrolysis of phosphoesters using synthetic U(IV) species; i.e., a model U(IV) nanocolloidal system consisting of crystalline UO2 phases at various reaction conditions. Spectrophotometry-based hydrolysis kinetic analysis and reaction modeling analysis were employed to understand the detailed reaction mechanism of the surface-promoted hydrolysis of phosphoesters on the U(IV) nanoparticles. In particular, we exploited the surface-enhanced infrared absorption phenomena of a model phosphoester on U(IV) nanoparticles for the first time to examine the heterogeneous reaction mechanism and the molecular structures of the surface complexes.




2. Materials and Methods


All chemicals, including p-nitrophenyl phosphate disodium salt hexahydrate (NPP) and p-nitrophenol (NPH) (reagent grade, Sigma-Aldrich), were used as purchased. All procedures for the sample preparation were conducted in an Ar-filled glove box.



2.1. Synthesis and Identification of U(IV) Species


2.1.1. U(IV) Nanoparticles (U(IV)NPs)


The nanoparticle formation of U(IV) was induced in mild acidic aqueous solutions (pH 2‒3). An aliquot of U(IV) stock solution (about 70 mM), which was electrochemically prepared in advance as described elsewhere [36], was added to a 0.1 M NaClO4 solution in a 25 mL vial to prepare a 3 mM U(IV) solution. After 5 h of hydrothermal reaction at 90 °C, the solution’s color changed from clear light blue to dark yellow. The U(IV)NPs we synthesized were stored in an Ar-filled glove box for subsequent use. High-resolution transmission electron microscopy (HR-TEM, JEOL, JEM 2001F) was applied to determine particle size, morphology, and crystalline structure. Furthermore, dynamic light scattering (DLS)-based particle size and zeta-potential of the nanoparticles were measured intermittently for up to 8 weeks to confirm their colloidal stability.




2.1.2. Amorphous U(IV)-Hydroxides (U(IV)–OH(am))


Due to the low solubility of U(IV), hydrolyzed forms of U(IV) can be rapidly prepared by adding an aliquot of the acidic U(IV) stock solution directly into neutral or basic aqueous solutions. Typically, amorphous solid U(IV)–OH is obtained as bluish cloudy precipitates; i.e., a macro-scale solid phase network, that is normally accumulated at the bottom of a vessel as a soft cloudy layer, at room temperature.





2.2. Particle Size and Zeta-Potential Measurements


For characterization of the colloidal properties of the U(IV)NPs, size and zeta-potential measurements were performed by the DLS method. Typically, 1 mM of U(IV)NPs was prepared and subjected to measurements using a commercial DLS instrument (Zetasizer NanoZS, Malvern Instruments, Worcestershire, UK). The measurements were made at 25 °C in aqueous solutions containing 0.1 M NaClO4, which is the typical electrolyte level of the NPP hydrolysis reaction media in this study. The solution’s pH, ranging from 2 to 9, was adjusted using 0.1 M NaOH. Moreover, following the manufacturer’s suggestion (Malvern Instruments), we applied the Smoluchowski approximation to calculate the zeta-potential (see SI for the measurement parameters). The data were collected and averaged from the zeta-potential average values of three runs. For the amorphous solid U(IV)–OH, its size distribution was too large to measure by DLS analysis.




2.3. Spectrophotometric Reaction Kinetic Analysis


The rates of the hydrolysis of NPP by U(IV) species were measured spectrophotometrically by monitoring the increase in the absorbance at 400 nm, which is the λmax of the reaction product, p-nitrophenolate (NP). A spectrophotometer (MCS601, Carl Zeiss, Jena, Germany) equipped with a temperature-controlled cell holder (Qpod 2e, Quantum Northwest, USA) was used for the measurements. Typically, aqueous solutions of 0.5 mM NPP and 3 mM U(IV) species were prepared in 0.1 M NaClO4 and used for the sample preparation. A total of 300 µL of 0.5 mM NPP was added to 2.7 mL of 0.1 M NaClO4 solution in a quartz cuvette (cell path length of 1 cm). The pH was controlled by the addition of 0.1 M NaOH prior to the addition of the NPP. The reaction was typically initiated by the injection of 100 µL of a 3 mM U(IV) solution (pH: 2.3) into the mixed solution when the temperature-controlled cell holder was set at the desired temperature (25 or 50 °C).




2.4. ATR-FTIR Measurements


Two sets of FTIR experiments for the NPP hydrolysis study were conducted using a spectrometer (Nicolet iS10™, Thermo Scientific) equipped with a single ATR module (GladiATR™, Pike Technologies) for solid samples and a 9-reflection diamond ATR module (LR-D-M, Durasens LLC) containing a liquid flow cell for liquid samples. Aqueous solutions of 0.15 mM NPP or phosphate with 1.5 mM U(IV)NPs in 0.1 M NaClO4 were stirred overnight at room temperature and subsequently centrifuged for 2 h with 132,380 RCF. The supernatant was removed and the remaining precipitate was washed with 0.01 M HCl to eliminate ClO4−. The precipitate‒HCl mixed solution was centrifuged for 0.5 h with 132,380 RCF. The supernatant was removed and the washed precipitates were freeze-dried for 3–4 h to obtain powder samples for the measurements. Alternatively, U(IV)NPs for the other IR experiments were prepared in a chloride medium instead of perchlorate due to the presence of a strong perchlorate absorption band around 900–1100 cm−1 in the spectra. Aqueous solution mixtures of NPP and U(IV)NPs were prepared at various concentrations and pH levels, after which they were introduced within 10 min to the flow cell on the ATR-FTIR module for the measurements at room temperature.




2.5. Reaction Modeling Analysis


A reaction modeling study was conducted to confirm the measured reaction rate and the proposed reaction mechanism using the ReactLab KINETICS software (JPlus Consulting, East Fremantle, WA, Australia). The UV–Vis spectrophotometric data obtained from the reaction kinetic monitoring experiments were analyzed by the program. The global fitting of the reaction data was performed using a two-step reaction sequence.





3. Results and Discussion


3.1. Characterization of U(IV)NPs


A hydrothermally induced U(IV)NPs preparation method was developed using acidic U(IV) aqueous solutions (pH ~2). The acidity and concentration of U(IV), typically 3 mM in 0.1 M NaClO4 solution, were controlled passively; i.e., by the dilution of an acidic U(IV) stock solution (pH < 1). We confirmed that the dominant U(IV) species before and after the synthesis were UOH3+(aq) and U(IV)NPs, respectively (see Figure S1). The synthesis, storage, and tests of U(IV)NPs were carried out under anaerobic conditions; e.g., in an Ar-filled glove box.



Figure 1a,b shows the transmission electron microscopy (TEM) images exhibiting a characteristic raspberry-type cluster morphology of U(IV)NPs and crystalline-UO2 internal structures of relatively small primary particles. The primary particles had a size distribution ranging from 3 to 6 nm based on the TEM image analysis. Interestingly, the presence of primary particles could not be detected by dynamic light scattering (DLS) analysis, the results of which display that U(IV)NPs clusters were a major form of nanoparticles in aqueous solutions. The resulting U(IV)NPs clusters were uniformly dispersed in the solution and exhibited rather monodisperse size distribution (see Figure S2), typically with the average cluster size of 23 ± 6 nm (uncertainty obtained from the results of several batches of U(IV)NPs). Thus, in this article we use the term, U(IV)NPs, to indicate the clusters of U(IV) primary particles, unless otherwise noted. We confirm that U(IV)NPs are stable in an acidic solution (pH 1.5‒2.4) over 8 weeks at room temperature, although in metastable colloidal states (see Figure 1c,d).



The acidic stock solutions of the synthesized U(IV)NPs display highly positive zeta-potential values in the range of +35 to +40 mV, providing a good explanation of the colloidal stabilities of these nanoparticles over the extended period (see Figure 1d). Thus, it is very likely that the inter-particle Coulombic repulsion resulting from the surface charges is a critical interfacial determinant of the colloidal stabilities of U(IV)NPs and their reproducible particle/cluster sizes. More importantly, such a positive surface charge is a strong indicator of the presence of partially hydrolyzed surface structures, such as ≡U(OH)+ on the crystalline primary particles; i.e., the intermediate structures between UO2(cr) and U(OH)n4-n(aq). The occurrence of such intermediate structure formation has been proposed in previous studies on iron oxide nanoparticle formation [37].



The size and zeta-potential values of the U(IV)NPs were measured for a wide range of pHs to identify their colloidal properties under various reaction conditions of the NPP hydrolysis. Without pH adjustment, the pH of the 1 mM sample, which was prepared from a U(IV)NPs stock solution, was approximately 2.3, as shown in Figure 1c,d. By the addition of 0.1 M NaOH, the size of U(IV)NPs clusters increases with the solution pH, as shown in Figure S3. At a relatively high pH, it appears that the U(IV)NPs clusters start aggregating by forming relatively large clusters up to the micrometer scale. In fact, the zeta-potential values decrease slightly but remain at positive up to pH 8. However, the zeta-potential values of the U(IV)NPs became negative (<−20 mV) at pH 9. The isoelectric point was found to be located approximately at pH 8.6, although precise pH control was difficult at that pH region. Thus, it was expected that the sizes of the U(IV)NPs were maintained at approximately in the range of 250‒650 nm during the NPP hydrolysis that was examined in this study.




3.2. Comparison of NPP Hydrolysis Rates by Different U(IV) Species


The hydrolysis of NPP was investigated with two different types of U(IV) species, including U(IV)NPs and amorphous U(IV)-hydroxides (U(IV)–OH(am)). The detailed preparation procedures for each species are provided in the Materials and Methods Section. The strong absorptivities of NPP and NP were exploited to monitor the reaction kinetics by UV–Vis spectroscopy, as shown in Figure 2. The spectra were within the range of 210‒500 nm, where the characteristic λmax values of NPP (plus NPPH and the reaction intermediates) and NP appeared at 290‒310 nm (a and b1 in Figure 2) and at 400 nm (b2), respectively.



Interestingly, our reaction kinetic monitoring system shows that the NPP hydrolysis with U(IV)NPs occurred via a multi-step reaction pathway involving a very rapid NPP‒U(IV)NPs complexation. As shown in Figure 2, a series of transient spectra (dashed lines) indicated by an arrow (a) appeared immediately after the injection of U(IV)NPs into the NPP solution at pH 7.5. These spectra are distinct from that of NPP (a dianionic form, pKa 5.1), and the initial spectrum of the series (“a” in Figure 2) exhibits a band shape similar to that of NPPH. Therefore, we attribute the initial spectrum to the first intermediate (I1). The formation of I1 was immediate and far faster than the following steps, and thus could not be measured in our typical data collecting interval (2 s). Thus, the band shift shown in series (a) during the initial 30 s (dashed lines in Figure 2) was interpreted as a subsequent transformation of I1 to another more stable intermediate (I2). The absorption spectra of the reaction mixture collected at 25 °C (see Figure S4a) also demonstrates that the band shift pattern is similar to that recorded at 50 °C (see Figure 2) except regarding the reaction rate. The initial process (a) (dashed lines) takes about 200 s at 25 °C reaction and 30 s at 50 °C reaction. Thus, it is concluded that both reactions at 25 and 50 °C follow the same reaction pathway accompanying the initial changes (a) in Figure 2. However, such transient spectra were not observed in the spectra obtained from the NPP hydrolysis with U(IV)–OH(am) (see Figure S4b). More details about I1 and I2 are included in Section 3.3 below, which describes the mechanistic studies on the hydrolysis of NPP.



The absorption spectra of NPP and NP at various concentrations and pH ranges are represented in Figure S5 and were applied to convert the absorbance values to the concentration of each species. Pseudo-first order rate constants (kobs) were calculated from the absorbance increase at 400 nm (λmax of NP, ϵ = 18,500 cm−1 M−1) over a period sufficient for a 10% reaction conversion to be achieved (normally up to 100 s, indicated as a dotted line in the inset plot of Figure 2). The rate constants obtained as the mean values from triplicate runs with ±10% reproducibility are summarized in Table 1 (The equations for calculating the rate constants are provided in Supplementary Materials).



To identify the active species actually responsible for the rapid hydrolysis by U(IV)NPs, the reactivities of the U(IV)–OH(am) were compared. For U(IV)–OH(am), the formation of UO2∙xH2O(am) was prevalent over a wide pH range. At low pH (<5), hydrolyzed U(IV) species such as oligomeric U(IV)–OH species mayexist. Hypothetically, U(IV)NPs may not be the reactive species and may slowly transform into a more thermodynamically stable and more reactive U(IV) species for phosphoester hydrolysis after addition into a given test solution. However, U(IV)–OH(am) and other U(IV) species were found to be less reactive than the U(IV)NPs, as shown in Table 1. Thus, we concluded that the high reaction rates of U(IV)NPs originated from their intrinsic physicochemical properties, such as particle size, surface charge, and chemical structure.



The level of the hydrolysis rate enhancement of U(IV)NPs is comparable (i.e., about an order lower) to that of Ce(IV) and is also ca. 200 and 103 times higher than those of the UO22+ and La3+ catalyzed cleavages, respectively (see Table 1). We employed a 2-fold excess of U(IV) over the substrates, which is a much smaller amount compared to those reported previously (2.5‒40-fold excess) [38,39,40,41,42] because the high concentration of metal can induce significant precipitation of metal at a high pH range. To compare the reactivities of other metals, the U(IV) concentration in a solution is expressed in molar units. Thus, it represents the total U content added into the reaction solution, not that of active or/and dissolved U species only.



The reactions with U(IV)NPs exhibited a characteristic pH dependency, i.e., a gradual increase up to pH 7, followed by a drastic decrease at a pH higher than 7 (see Table 1). Such a reduction in the reactivity indicates that the bulk hydroxide ions in an aqueous phase do not act as a nucleophile to attack the phosphorus center. Instead, the NPP hydrolysis at pH 7 and lower is facilitated by the surface-bound hydroxides on the nanoparticles. The sharp decrease in the rate at pH >7 can be explained well by the colloidal destabilization, including particle aggregation and the surface potential changes from positive to negative values (see Figure S3). Thus, the adsorption of the NPP can be dependent on pH and affect the reaction rate; at higher pH the surface of U(IV)NPs is no more effective to attract ligands and catalyze NPP hydrolysis. Conversely, the low-pH reaction rate is slightly higher than those obtained from high pH solutions for U(IV)–OH(am). Even for this modest increase in reactivity, we speculate that the U(IV)NPs formed from hydrolyzed U(IV) species probably play a role, because U(IV)NPs clusters or primary particles can be gradually produced over time under mild acidic conditions.



Further spectrophotometric analysis was conducted by varying the NPP and U(IV)NPs concentrations. As shown in Figure S6, the initial rate depends on the NPP concentration. By increasing the NPP concentration from 25 μM to 100 μM, the rate constant(kobs) increases from 7.5 × 10−3 s−1 up to 3.1 × 10−2 s−1, which is ca. 106 times greater than that of the reaction without any metal complexes (kobs = 3.3 × 10−8 s−1) [43]. At a fixed substrate concentration (50 μM NPP), the reaction rate was also found to be proportional to the U(IV)NPs concentration; the rate constant of 1.1 × 10−2 s−1 in Figure S6 with 500 μM U(IV)NPs is almost five times greater than that from Table 1 for 100 μM U(IV)NPs. In addition, it should be noted that after the rapid initial stage, the reaction slows down, as shown in the inset of Figure 2 (>100 s). Such a decrease in the reaction rate is largely due to the reduction in the substrate concentration. However, we suppose that the surface poisoning effect is also involved in U(IV)NPs via the phosphate ion that remained bound after the release of NP.




3.3. Mechanistic Studies on the NPP Hydrolysis


3.3.1. ATR-FTIR Studies and SEIRA


Here, surface-enhanced infrared absorption (SEIRA) was employed for the first time to study the reaction mechanism of NPP hydrolysis on the surfaces of U(IV)NPs. SEIRA is a near-field phenomenon, in which the IR absorption of molecules adsorbed on or in the vicinity of small metal/metal oxide-clusters is enhanced by a factor of 10 to 1000 due to the electrical field around the clusters [44]. The surface selection rule of SEIRA implies that only the vibrational modes inducing dynamic dipole moments perpendicular to the surface will be enhanced, which can provide the structural information regarding the bound molecules and their orientation [45]. Usually, p-nitrobenzoic acid or its derivatives are used as model substrates. In this study, we report that U(IV)NPs induce SEIRA for NPP. As demonstrated in Figure 3a, the overall IR absorption of 5 mM NPP is enhanced in the presence of 1 mM U(IV)NPs. The strong band at 1350 cm−1 has been assigned as a symmetric NO2 stretching vibrational mode in previous SEIRA studies and is used to examine the molecular orientation of the ligand adsorbed on noble metal-based and metal oxide-based nanoparticle systems [46,47]. For the enhanced IR spectrum in Figure 3a, both surface bound and unbound NPP molecules contribute to the IR absorption, while free (unbound) NPP remains dominant.



Figure 3b shows the SEIRA effect more clearly. Without U(IV)NPs the band at 1350 cm−1 is overly weak in a solution of 0.1 mM NPP, and cannot be detected in a given ATR-FTIR setting (dashed line, and see Figure S7a for the full spectrum); however, the addition of 0.1 mM U(IV)NPs significantly enhances the intensities of the peaks. The enhancement factor is ca. 100 in the presence of 1 mM of U(IV)NPs; however, no further increase is obtained by adding more than 1.5 mM U(IV)NPs, probably due to the full adsorption of phosphoesters onto the nanoparticle surfaces [48]. To further evaluate the SEIRA of NPP, the NPP concentration was varied at a fixed concentration of U(IV)NPs (1 mM, see Figure S8). The SEIRA was only observed up to a certain level of NPP concentration (ca. 1 mM), where the surface saturation of U(IV)NPs with NPP was attained. Overall, such SEIRA effects indicate that the crystalline primary particles of U(IV)NPs possessing UO2-like semiconductor properties can effectively create polarized local electromagnetic fields interacting with the oscillating dipoles of the adsorbed molecules [46,47].



The SEIRA spectrum of NPP bound to U(IV)NPs (Figure S7b) was further examined to elucidate its spectral difference from that of the free NPP in the low frequency region, where the vibrational modes of the phosphate groups were dominant. The SEIRA spectrum of NPP‒U(IV)NPs (red line in Figure S7b) exhibits two discrete vibrational bands compared with that of the free NPP (black line in Figure S7b) at ~1150 and ~1025 cm−1. In this spectrum, the characteristic P‒O and P‒OH bands of the free phosphates occurring at approximately 1200, 1080, and 980 cm−1 are absent. In previous studies for a phosphomonoester-ferrihydrite or -goethite system, the authors assigned the bands near 1150 cm−1 and 1030 cm−1 to the P‒O vibrations, which indicated the significant distortions of the P‒O bonds as phosphomonoesters coordinated to goethite [25,49,50]. Additionally, in their structural interpretation of phosphate/phosphonate surface complexes, either a bidentate coordination or a monodentate coordination in combination with hydrogen bonding to neighboring surface oxometallic sites was favored [25,49,50,51]. Thus, in the NPP‒U(IV) NPs system, we speculate that inner-sphere surface complexes are formed on U(IV)NPs, and more specifically, two terminal oxygens of the phosphate are fully coordinated to the particle surfaces; i.e., in a bidentate fashion. This arrangement may contribute to the SEIRA effect of the NPP‒U(IV)NPs system by preferentially enhancing vibrational modes that have dipole moment derivative components perpendicular to the surface [48]. In this study, this surface complex was considered to be one of the reaction intermediates, particularly one that was accumulated at the rate-determining step.




3.3.2. ATR-FTIR Spectra of Solid Phase U(IV)NPs


ATR-FTIR spectroscopic analyses were performed to further investigate the surface adsorption of phosphoester/phosphate on the surfaces of U(IV)NPs. To identify the surface complex of the final reaction product, two parallel samples, one with NPP and the other with phosphate, were prepared at pH 7. Under our experimental conditions, an excess amount (10 equiv) of U(IV)NPs was used to complete the reaction (100% conversion of NPP to NP) and the precipitate was formed after the hydrolysis of NPP. Figure 4 shows the spectra of the dried precipitates from each reaction. The positions of peaks (1100, 1030, 920, and 860 cm−1) from the NPP reaction precipitate (solid line in Figure 4) are almost identical to the phosphate reaction precipitate (dashed line in Figure 4), which shifted from the peaks of the phosphate solution (pH 7) without U(IV)NPs. In previous studies, Arai and Sparks also observed similar peak positions in the spectra of phosphate adsorbed on goethite surfaces [51]. We, therefore, conclude that the model phosphoester, NPP, was finally decomposed to the phosphate surface complex on the U(IV) precipitates at pH 7 by the hydrolysis.



Based on our findings, a multi-step reaction mechanism for the hydrolysis of NPP was postulated, as illustrated in Scheme 1. In this mechanism, the reaction starts with the immediate adsorption of NPP on the surface of the U(IV)NPs to form a surface complex, I1, as an outer-sphere U(IV)NPs‒NPP complex. Subsequently, I1 rapidly changes its structure to the more stable complex (I2) that exhibits SEIRA. An intramolecular attack on I2 by the surface-bound hydroxide available on U(IV)NPs is the rate-determining step (r.d.s.) for the release of the products, p-nitrophenolates (NP). For the slow kinetics at pH 9 as shown in Table 1 we think that the surface turns negative and exhibit more amorphous U(IV)–OH-like properties; i.e., oxyhydroxy structures on U(IV)NPs surfaces. Thus, the rate of r.d.s. could become slower due to the less available surface-bound hydroxides (–U–OH).




3.3.3. Reaction Modeling Analysis


Finally, a chemical modeling study was carried out to confirm the reaction mechanism, and the rate constants are listed in Table 1. The kinetic spectrophotometric data were analyzed using the ReactLab™ KINETICS program (see Figures S9–S11). A series of full spectra, as shown in Figure 2, and the reaction model (Equations (2) and (3)), as described below, were subjected to numerical analysis for fitting the global reaction parameters [52,53]. All species, including U(IV)NPs that exhibited absorption within the 200–500 nm wavelength range, were included in the model. However, for the first reaction (Equation (1)), producing I1 was excluded from the model because it was overly fast, and thus could not be monitored in this study. The pKa of the NP was also provided to the reaction model as an auxiliary parameter (Equation (4)).


NPP + U(IV)NPs → I1 + U(IV)NPs,     k0



(1)






I1 + U(IV)NPs → I2 + U(IV)NPs,     k1



(2)






I2 + U(IV)NPs → NP + U(IV)NPs,     k2



(3)






NPH ↔ NP− + H+,           pKa = 7.15.



(4)







Overall, such a reaction model analysis was successful for pH values between 6 and 9, where the emergence of the spectral band (~400 nm) of the NP (the reaction product) was evident. At pH 7, the pseudo-first order rate constants we calculated were 5.7 × 10−2 s−1 for k1 and 1.4 × 10−3 s−1 for k2; note that k2 is close to kobs (2.0 × 10−3 s−1) at pH 7 in Table 1. The rate constants of the k1 level were found to be 10 to 100 times higher than those of the k2 level and were pH-dependent (see Figures S9–S11). The pH dependency of k1 likely indicates the acidic property of Intermediate 1 (I1) as that of NPP itself. Thus, we expect that the higher the pH, the more the base (or deprotonated) form of I1, which may be more prone to facilitate the transformation of I1 to I2 (i.e., to induce the higher k1). All the results calculated from the reaction modeling are demonstrated as a function of pH in Figure 5. Generally, the k2 values for the rate-determining step match the kobs values in Table 1 within the same order of magnitude. In addition, an excellent fit between the simulated and experimental spectra was obtained at various pH levels (Figures S9–S11). Thus, we confirm that the model used in this study is appropriate for representing the mediated hydrolysis reaction of U(IV)NPs.





3.4. Implication of U(IV)NPs Reactivity


Understanding the speciation, mechanism, and kinetics of U transformation under various conditions relevant to natural and engineered systems is essential to predicting and controlling the migration of U in contaminated environments. Recently, bioreduction accompanied by the phosphate-precipitated U(VI) phase has been considered as a potential pathway for U transformation to U(IV)-phosphate mineral phases that could further limit U mobility [12,14]. Previous studies have shown that such processes can compete with or limit uraninite formation during the bioreduction of aqueous U(VI) in the presence of dissolved phosphates [54]. In this study, we demonstrated that nanocrystalline U(IV)NPs possess their own chemical reactivity toward both inorganic and organic phosphates. Positive surface charges of U(IV)NPs formed at acidic to circumneutral pH levels can strongly drive the surface complexation with anionic ligands, as attested by the measured zeta-potential values of U(IV)NP-colloids in aqueous solutions and the rapid initial reaction kinetics shown in Scheme 1. Multivalent anions, e.g., phosphates, are very likely to form stable surface complexes on U(IV)NPs, simultaneously inducing the reduction of their colloidal stability and U(IV) precipitation. However, the concentration of free orthophosphate is often low in groundwater, and most of the available phosphorus is in the form of organic compounds [55]. Our mechanistic study suggests that organophosphates of microbial metabolic origin, or as supplements of amended treatment in contaminated sites, can rapidly produce phosphate-U(IV)NPs complexes that subsequently transform into uranium phosphate precipitates, of which the rate should depend on the U-to-phosphates ratio and pH in aqueous environments.





4. Conclusions


In summary, the synthetic U(IV)NPs were shown to be reactive species that can enhance the hydrolysis of NPP, among the other forms of the U(IV) species, at pH 3‒10. The positive surface charges and the high surface areas originating from the rough cluster morphology composed of primary particles could be the major factors facilitating the surface adsorption of NPP anions on the U(IV)NPs for the hydrolysis. The reaction kinetics and mechanism of the phosphoester cleavage mediated by U(IV)NPs were explored in detail. A multi-step reaction mechanism proposed in this study involving two surface complex intermediates, i.e., I1 and I2, was supported by various spectroscopic data analysis results. Based on our ATR-FTIR studies, we suggest that the inner-sphere surface complexes responsible for inducing the SEIRA of NPP bound to U(IV)NPs are involved in the rate-determining step of the NPP hydrolysis. Finally, this study indicates that U(IV)NPs, owing to the unique nanocolloidal properties, could be one of the major U(IV) species that actively participates in the phosphate-bound U(IV) mineral formation via interacting with organophosphates in reduced environments. The strategy for U immobilization developed in this study is applicable to transforming colloidal U particles to U-phosphate precipitates and to delaying their potential migration in contaminated sites using organophosphates. Thus, our results will aid understanding chemical behaviors of U species, especially, colloidal U particles interacting with aqueous phase components in sediments and soils.
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Figure 1. Characteristics of U(IV)NPs synthesized in this study; TEM images showing (a) crystalline internal structures of primary particles and (b) their clusters of nominal particle sizes (20‒30 nm); (c) particle size and (d) zeta-potential measurements of 1 mM U(IV)NPs in 0.1 M NaClO4 at pH 2.3 over time by DLS. 
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Figure 2. Absorption spectra of the free NPP (thick red) and reaction mixture (black) collected for initial 600 s ([NPP] = 50 µM, [U(IV)NPs] = 100 µM in 0.1 M NaClO4, pH = 7.5, 50 °C); dashed lines (arrow a): initial transition between two intermediates adsorbed on the surfaces of U(IV)NPs; solid black lines: reduction of intermediate 2 (arrow b1); and formation of reaction product NP: arrow b2. 
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Figure 3. ATR-FTIR spectra of the reaction mixture exhibiting SEIRA effects at pH 5.2. (a) New peaks are observed in the spectrum of NPP in the presence of U(IV)NPs (solid) compared to the case with the free NPP (dashed). (b) Expanded spectra at 1300‒1400 cm−1 (dashed line: 0.1 mM NPP without U(IV)NPs; solid lines: upon addition of 0.1‒2 mM U(IV)NPs to 0.1mM NPP (pH 3.2–2.0)). 
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Figure 4. ATR-FTIR spectra of the dried precipitates from each of the two reactions: one with phosphate and the other with NPP. [U(IV)NPs] = 1.5 mM, [Substrate] = 0.15 mM, I = 0.1 M NaClO4 at pH 7, 25 °C, overnight. 
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Scheme 1. Proposed mechanism for the hydrolysis of NPP. 
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Figure 5. Influence of pH on the pseudo-first order rate constants, k1 (black squares) and k2 (red circles), calculated by ReactLab KINETICS program for the NPP hydrolysis mediated by U(IV)NPs at 50 °C for 100 s. 
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Table 1. Comparison of the kinetic data of U(IV) and other metal ions for inducing NPP hydrolysis.
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Metal Species

	
T (°C)

	
kobs/10−4 s−1

	




	
pH 3.3 ± 0.2

	
pH 5.2 ± 0.2

	
pH 6.1 ± 0.2

	
pH 7.2 ± 0.3

	
pH 9.3 ± 0.2

	






	
U(IV)NPs

	
25

	
0.90

	
1.1

	
1.2

	
1.4

	
0.21

	
this work [a]




	

	
50

	
15

	
16

	
19

	
20

	
2.2




	
U(IV)–OH(am)

	
25

	
0.24

	
0.23

	
0.21

	
0.17

	
0.080




	

	
50

	
2.4

	
2.3

	
2.2

	
1.7

	
0.82




	
U(VI), Th(IV), La(III)

	
37

	

	
0.095(UO22+) [b]

	
280(Th4+) [c]

	
0.0014(La3+) [d]

	

	
ref. [37,38,39] [f]




	
Ce(IV) [e]

	
50

	

	

	
180

	
260

	
190

	
ref. [40,41] [f]








[a] pH: the average values of each reaction; conditions: [substrate] = 50 µM, [U(IV)] = 100 µM in 0.1M NaClO4. Kinetic data were collected at 400 nm; for [b], [c], [d], and [e], 10-fold, 20-fold, 2.5-fold (at 25 °C), and 40-fold excesses of metal over substrate were used, respectively; [f] bis(4-nitrophenyl) phosphate was used as the substrate of the hydrolysis.
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