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[bookmark: _Hlk2003069]Abstract: 
Understanding the dissociation behavior of long half-life radionuclides with humic acid (HA) is critical for their migration behavior in aqueous environments. In this study, we developed a modified combined dissociation model comprising three kinetic terms and one constant, representing the concentrations of unbound, fast-dissociating, slow-dissociating, and non-dissociating metals, respectively. For the first time, the modified dissociation model incorporated the contributions of removal kinetics of unbound metals and metal state transformations to the dissociation processes. The modified dissociation model performed well in describing the metal dissociation curves from the view of standard errors of fit calculation and coefficients of determination. Furthermore, this modified dissociation model was employed to quantitatively evaluate the effect of solution pH, ionic strength (I), and pre-equilibrium period of Eu with HA on the dissociation behavior of Eu bound to HA. Results revealed that the fraction of fast-dissociating Eu increased as pH raised, while that of slow-dissociating Eu decreased. The fraction of fast-dissociating Eu was significantly inhibited with increasing I. As the pre-equilibrium period of Eu with HA was prolonged, the fraction of fast-dissociating Eu gradually transformed into the slow-dissociating and non-dissociating Eu.
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1. Introduction
[bookmark: _Hlk122891106][bookmark: _Hlk146375588][bookmark: _Hlk146549590]Nuclear power has emerged as a carbon-free and environmentally friendly source of electricity generation. In 2019, electricity from nuclear power plants accounted for approximately one-tenth of total electricity generation in the world [1]. It is expected to rise dramatically to one-quarter of the world’s electricity within 30 years [2]. However, managing the nuclear waste generated alongside nuclear power production remains a critical issue for countries using nuclear energy. Among the isotopes present in nuclear waste, the transuranic elements, as by-products of neutron capture in nuclear power generation, exhibit extremely hazardous radioactivity (alpha decay) and relatively long half-lives, e.g., 243Am (t1/2 = 7.3 × 103 y), 245Cm (t1/2 = 8.5 × 103 y) [3]. Nowadays, countries using nuclear energy, such as the US, France, Japan, and China, are actively planning to dispose of nuclear waste in geological repositories located hundreds of meters deep underground. Notably, Finland is on the verge of completing the world’s first geological disposal facility (GDF) for spent nuclear fuel this year [4]. Estimations posit that a deep geological repository can potentially ensure the secure isolation of nuclear waste exceeding a one-million-year period [5,6]. However, the Japan Nuclear Cycle Development Institute (JNC, predecessor of JAEA) has stated that an initial failure rate of 10-3 could be conservatively deemed acceptable for the waste package of HLW taking into account potential minor defects in the disposed containers [7]. Even though the possibility of initial disposal failure is exceedingly low, there exists a risk of transuranic elements released from stainless steel or copper packages and subsequently migrating to natural groundwater systems. Hence, an understanding of the migration behavior of these transuranic elements is essential in order to ensure environmental and biosphere safety.
[bookmark: _Hlk146390771]Humic substance (HS) is the naturally occurring mixture produced by long-term decomposition and transformation of biomass residues [8]. It is ubiquitous in aquatic environments and has even been reported to exist in deep groundwater at depths of 350 meters near deep geological repositories, such as the Horonobe Underground Research Center in Japan [9]. Humic acid (HA) is the main component of HS [10]. These transuranic elements leached from nuclear waste can bind to water-soluble HA molecules by several mechanisms due to the abundant acidic functional groups (mainly –COOH and phenolic –OH groups) and unique structures [11]. Nowadays, numerous experiments have demonstrated the heterogeneous association of HA with metal ions [12,13]. For example, Geckeis et al. found that approximately 50% of Eu were rapidly dissociated from HA within the first 20 hours at pH 8 using a radiotracer experiment, while the remaining bound Eu decreased by only 10% over the subsequent 20 hours [14]. They also observed that at least 10% of Eu could not be apart from HA and seemed “inseparable” even after more than 100 days [14]. Some field experiments have shown that the mobility of metal ions with a stable and strong association with HA in the aquifer systems is believed to be less likely to be retarded by the surrounding soils or rocks [15], whereas metal ions that dissociate easily from HA can be immobilized by adsorption on soil or rock surfaces [16]. It is thus crucial to understand the metal-HA dissociation behavior to predict the migration behavior of transuranic elements.
Due to the intrinsic complexity and heterogeneity of HA, existing analytical and detection techniques struggle to quantify the fractions of metal bound to HA with different dissociation behaviors. However, the resin competition method, which utilizes cation exchange resin to effectively remove free metal ions from solution, has shown promise in addressing this challenge. At present, attempts have been made to quantitatively evaluate the fractions of metal bound to HA with different dissociation behavior by using dissociation model fitting to the time-dependent concentration of metals [14,17]. Unfortunately, the previous model (later we learn more about this in the text that describes the model) neglected the contribution of removal kinetics of unbound metals by cation exchange resins. In addition, Monsallier et al. investigated the dissociation behavior of metal humate complexes using time resolved laser-induced laser fluorescence spectroscopy (TRLFS) and extended X-ray absorption fine structure (EXAFS) [18]. They observed different peak maximum of slow and fast dissociating complexes using TRLFS, and EXAFS revealed differences in the metal oxygen distance between these complexes. Importantly, they proposed that slow and fast dissociating fractions are in exchange equilibrium with each other. However, the reversible process was also not considered in the previous model. Therefore, developing a modified dissociation model that accounts for these two critical pieces of information is necessary to improve the model’s accuracy. Moreover, the factors, e.g., pH, ionic strength (I), and pre-equilibrium period, probably affecting the dissociation behavior of metal ions with HA have rarely been studied and require quantitative clarification.
In this study, we proposed a modified combined dissociation model comprising three kinetic terms and one constant, representing the concentrations of unbound, fast-dissociating, slow-dissociating, and non-dissociating metals, respectively. Particular attention was paid to the contribution of removal kinetics of unbound metals and the metal state transformations to the dissociation processes. The performance of the modified combined dissociation model and the previously published dissociation model were compared by fitting the time-dependent concentration of metals to both models. The effects of experimental conditions, including solution pH, ionic strength, and pre-equilibrium period of metal with HA, on the fractions of metals bound to HA with different dissociation behavior, were determined and discussed by the modified combined dissociation model. Eu is adopted in this study as a chemical analog of the trivalent actinides (Am, Cm) due to their similar ionic radius in water and chemical properties [19].

[bookmark: _Hlk2001543]2. Experimental
2.1 Preparation and characterization of materials
[bookmark: _Hlk145332575][bookmark: _Hlk145331612][bookmark: _Hlk145343121][bookmark: _Hlk145343097]A technical grade HA (No. 53680) was supplied by Fluka Chemika. The purification process of the HA followed the recommended procedures of the International Humic Substances Society (IHSS) [20]. The characterization information of above purified HA powder can be found in Table S1 of Supplementary Materials. The aforementioned purified HA powder (0.2 g) was completely dissolved by sequentially adding drops of NaOH solution (pH 13). After overnight, the volume was adjusted by adding pure water to achieve HA concentration of 0.01 g/dm3. The initial total organic carbon (TOC) content of the HA solution (0.01 g/dm3) was measured to be 5.49 mg/dm3. The strongly acidic cation exchange resin, Dowex 50X8 (20-50 mesh), was obtained from Fluka Chemika (Cat. No. 44445). It comprises sulfonic acid functional groups attached to an 8% cross-linked styrene-divinylbenzene backbone. The proton exchange capacity (PEC) of the resin is 4.8 meq/g dry weight. The purification procedure of HA and pretreatment of cation exchange resin can be found in Appendix S1 and 2 of Supplementary Materials, respectively.


2.2 Dissociation experiments
[bookmark: _Hlk145343261][bookmark: _Hlk146371553][bookmark: _Hlk146371603][bookmark: _Hlk146372022]A small quantity of Eu stock solution (EuCl3·6H2O, 99.99%, Sigma-Aldrich) was added to a 300 ml HA solution (0.01 g/dm3) in a glass bottle to reach an approximately initial Eu concentration of 6.58 × 10-7 mol/dm3 (= 1 × 10-4 g/dm3). The solid NaCl was dissolved in HA solution to the initial NaCl concentration of 0.0001, 0.001, 0.01, 0.1 mol/dm3. By considering the accumulation of Na+ contributions from the added NaCl, the Na+ exchanged from the resin, and the NaOH used for dissolving purified HA, the I in the dissociation experiment was corrected to be 0.0004, 0.0013, 0.01, and 0.1 mol/dm3, respectively. The solution was then pre-equilibrated for 0.25, 10, 20, and 40 days, respectively. Subsequently, dissociation experiments were conducted by adding 0.5 g of Na+-form cation exchange resin into the Eu-HA system. Solution pH was monitored throughout the experiment and maintained within pH 5 ± 0.09, pH 6 ± 0.15, pH 7 ± 0.23, and pH 8 ± 0.18, using small amounts of HCl and NaOH as necessary. At appropriate intervals, 1 ml of supernatant was sampled and filtered using syringe filters of 0.45 μm pore size (RephiQuik). The filtrate was pre-acidified to pH 2 and then analyzed for its total organic carbon (TOC) content using a TOC-Vcpu instrument (Shimadzu). Additionally, the filtrate was digested in a polytetrafluoroethylene (PTFE) tube by adding a mixture of 3 mol/dm3 HNO3 and 30% H2O2, using a thermos-reaction (HI-839800, Hanna Instruments) at 105 °C for 2 hours. After appropriate dilution, the Eu concentration in the digested filtrate was measured using an inductively coupled plasma optical emission spectroscopy (Agilent 5110 ICP-OES, Agilent Technologies). Blank experiments were also conducted under identical solution conditions, replacing HA with pure water, to assess the removal kinetics of free Eu with the cation exchange resin. All reagents used in this study were of analytical purity or a higher purity grade. 


3 Kinetic model
[bookmark: _Hlk146480080][bookmark: _Hlk146390971]Given the complexity of HA molecules and the heterogeneity of binding sites that govern the dissociation kinetics, it is of great difficulty provide a description of the dissociation rate distribution of metal ions from HA to reflect the HA heterogeneity [21]. However, there is growing evidence that dissolved HA can be viewed as a gel-like structure with metal ions adsorbed on the HA surface or highly penetrated within HA structure [22]. Nowadays, the metal ions bound to HA are commonly simplified into three categories based on their dissociation behavior:
(1) [bookmark: _Hlk145358637][bookmark: _Hlk146548898]Metal ions can bind to the acidic functional groups, primarily –COOH and phenolic –OH, on the HA peripheral sites through a complexation mechanism [23]. The metal ions bound to these sites are readily dissociated from HA surface within a relatively short dissociation time. This interaction is regarded as a “weak association”.
(2) [bookmark: _Hlk146391049][bookmark: _Hlk145358804]Metal ions can highly penetrate the inner regions of HAs, which might be driven by the structural rearrangements of HA molecules [24], and HA agglomeration induced by the metal ion charge neutralization process [25]. A relatively long dissociation time is required to dissociate metal positioned within HA due to the kinetics hindrance arising from the contraction, folding, coiling, or agglomeration of the HA carbon backbone [26,27]. It has also been suggested that the slow dissociation may be related to metal ions penetrating hydrophobic zones within HA [28]. This interaction is referred to as a “strong association” [14].
(3) It has also been observed that certain polyvalent metal ions are firmly “stabilized” by HA molecules. The dissociation of these metal ions is notably inert and may involve complete shielding for metal ions from solution phase chemistry [16], or the chelating effect induced by HA structure, such as the bidentate or tridentate ligands [29]. Studies have shown that the metal ions in this stage remain undissociated from HA even after several months, indicating that this interaction is a chemically irreversible association (or not readily reversible on the laboratory timescale) regardless of the dissociation time [16].
[bookmark: _Hlk146372256][bookmark: _Hlk146393145]In 1987, Cacheris et al. investigated the dissociation behavior of Th-HA complexes and proposed that the dissociation of Th from humic acid appeared to obey a first-order law [30]. In the ensuing three decades, many scientists have suggested that the first-order kinetics equation is suitable for characterizing the dissociation processes of metal ions from HAs [14,24,28,31]. The rate equation of first-order kinetics at time t can be given by Equation 1. For conciseness, the charges in the subsequent equations are omitted.
[bookmark: _Hlk146391143]		(1)
After rearranging and integrating the above equation, another form of the rate law of first-order kinetics can be derived as follows,
		(2)
[bookmark: _Hlk145359055][bookmark: _Hlk146391269][bookmark: _Hlk145769087][bookmark: _Hlk146368579][bookmark: _Hlk146461967]where [M]0 and [M]t are the initial concentration of a reactant and its concentration at time t in the units of g/dm3, respectively. τ is the constant of dissociation time in the units of hour. According to definition, the concentration of reactant at t = 0 equals to its initial concentration, thus the constant value Cste is 0. Based on these definitions and the principle of first-order kinetics, a discontinuous dissociation model (Equation 3) was previously proposed for describing the dissociation of metal from HA (abbreviated as the P Model) [14,28,31,32]. The three constituent components with distinct dissociating behavior in the dissociation experiments, fast-dissociating metals, slow-dissociating metals, and non-dissociating metals, embody the contribution arising from the heterogeneity of HA.
[bookmark: _Hlk145358072]		(3)
[bookmark: _Hlk145785882]where the subscripts l, w, s, and e denote the metal ions in the liquid, fast-dissociating metal ions (weak association), slow-dissociating metal ions (strong association), and non-dissociating metal ions (irreversible association), respectively. However, two shortcomings of the P Model have been identified as a deeper understanding of the metal-HA dissociation behavior has been gained. Firstly, the contribution of the removal kinetics of unbound metal ions by the resin, which plays a significant role in the initial stages of dissociation processes, is not considered in the P model. As a result, the concentration of metal ions in the liquid at time t can be corrected and expressed as follows,
[bookmark: _Hlk145360625][bookmark: _Hlk145785875]		(4)
[bookmark: _Hlk146393388][bookmark: _Hlk146558161]where the subscript f is the unbound metal ions. [M]e can be determined by measuring the metal concentration in the dissociation experiments after 90 days. The precipitation induced by Eu hydrolysis is considered negligible under these experimental conditions (pH 5-8, I 0.0001-0.1 mol/dm3) according to the specific ion interaction theory (SIT) [33]. Therefore, the [M]l,t at the initial stage, t = 0, can be assumed to be the known total metal ion concentration [M]tot. In addition, it is essential to consider the reversible conversion of bound metals between fast-dissociating and slow-dissociating forms, as described earlier. Therefore, the sequential transformation of metal ions  from strong to weak sites, followed by their release into the unbound form and eventual immobilization by the cation exchange resin, is proposed as shown in Equation 5. 
		(5)
where the subscript R represents the metal ions absorbed on the Na+-form cation exchange resin. 
[bookmark: _Hlk145785861]In the dissociation experiment, an excess of cation exchange resin was employed to remove the unbound metal ions from the aqueous system. The rate of this ion exchange process can be regarded to be dependent on the concentration of unbound metal ions rather than the resin, thus its reaction rate follows a first-order kinetic equation [34]. The components at dissociation time t, namely [M]s,t, [M]w,t and [M]f,t, can thus be described as follows, respectively,
[bookmark: _Hlk145360638][bookmark: _Hlk146393467]		(6-1)
		(6-2)
		(6-3)
[bookmark: _Hlk146393294]where the slow-dissociating metal ions undergo transformation to fast-dissociating metal ions instead of to free metal ions according to the previously mentioned definition of sequential transformation of metal ions. The values of τf can be determined by fitting experimental data obtained from blank experiments to Equation 2. The detailed date of τf at varying pH can be found in Table S2 of Supplementary Materials. To enhance the comparability of the fractions of fast-dissociating and slow-dissociating metals, τs and τw are presumed to be 300 hours and 3 hours, respectively, in the same order of magnitude as the dissociation constant times reported in previous publications [14,27]. The values of τs and τw can also be determined through model fitting when characterizing the dissociation constants of metals that have dissociated from HA. Moreover, assuming specific dissociation rates of the fast- and slow-dissociating sites is critical for ensuing the comparability of the fast- and slow-dissociating fractions.
[bookmark: _Hlk145360413][bookmark: _Hlk146468502][bookmark: _Hlk145786531]By integrating Equations 6 to 4, the M Model proposed in this study can be obtained. The best fitting parameters, [M]s and [M]w, can be determined by fitting the time-dependent metal concentration in the liquid with the M Model. The model fitting process is performed utilizing a custom non-linear function module (Function Model: Explicit, Function Type: Origin C) within a data analysis software (OriginLab 2022). 

4 Results and discussion
4.1 Eu dissociation curves and model fitting
[bookmark: _Hlk146462726]The TOC content in the sampling liquid was continuously monitored during the dissociation experiments. In the blank experiment conducted without HA, it was observed that the TOC content remained below 0.1 mg/dm3 after 30 days, indicating no degradation of the cation exchange resin during the experimental period. Furthermore, the change in TOC values in the sampling liquid never exceeded 4% in the Eu-HA dissociation experiments (see Figure S2 in Supplementary Materials). The change in TOC is also likely attributable to the acidification of HA samples prior to TOC analysis. The minor changes in TOC contents confirmed that the proposed metal transformation scheme was reliable. The weak adsorption of HA onto the cation exchange resin is likely due to the electrostatic repulsion between deprotonated functional groups in HA and resin.

[bookmark: _Hlk146371675][image: ]
Figure 1 Eu concentration in the sampling liquid as a function of the dissociation time and fitted curves generated by the P Model and M Model. Initial [Eu] = 9.31 × 10-5 g/dm3, [HA] = 0.01 g/dm3, [Resin] = 1.67 g/dm3. a: I = 0.0004 mol/dm3, pre-equilibrium period (A) = 0.25 days; b: pH = 6, A = 0.25 days; c: pH = 6, I = 0.0004 mol/dm3. The blue rectangles indicate the Eu concentration in the sampling liquid after a dissociation time of 90 days.

In the absence of HA, rapid removal of Eu by the cation exchange resin was observed (Figure S3 of Supplementary Materials). The Eu concentration rapidly decreased to approximately 20% of the initial Eu concentration within 0.5 hours. Figure 1 depicts that Eu concentration in the presence of HA distinctly declined at an early stage, dropping by a factor of about 2 after a dissociation period of 10 hours. The dissociation rates continuously decreased with further dissociation times. The shapes of the fitted curves show that the reduction of Eu concentration was delayed and hindered by the presence of HA compared to the absence of HA, which is due to the Eu-HA dissociation kinetics. It is worth noting that even after a dissociation time of 90 days, there was still  10–30% of Eu remaining in the liquid, which can be classified as non-dissociating Eu. The experimental data were fitted using the P Model and M Model. As shown in Figure 1, the fitted curves generated by the M Model and P Model were in relatively good agreement with the experimental data, although some experimental data slightly deviated from the trend. It is important to highlight that 12 experimental data points were collected within the first 100 hours of the experiment due to the obvious reduction in Eu concentration during this initial stage. The total sampling volume for these data points was 12 ml. Further sampling beyond this time frame was not conducted to avoid interfering with the metal concentration by sampling a significant portion of the initial volume (300 ml).


4.2 Comparison of P Model and M Model
The results of the non-linear fitting using the M Model and P Model, including the best fitting parameters, standard errors, and coefficients of determination, are summarized in Table 1. It can be observed that the coefficients of determination (COD) from the M Model were higher and closer to 1 compared to those from the P Model. The standard errors of fit calculation using the M Model were lower by one order of magnitude than the P Model. These findings indicate that the dissociation behavior of Eu from HA is more accurately described by the M Model. Importantly, it is clear that the concentrations of fast-dissociating Eu determined by the M Model were significantly lower than those estimated by P Model. This discrepancy can be logically explained by the fact that the removal kinetics of unbound Eu by resin was not considered in the P Model, leading to the incorrect inclusion of the contribution of unbound Eu in the estimation of fast-dissociating Eu. As a result, the concentration of fast-dissociating Eu is overestimated by the P Model.

[bookmark: _Hlk146462331]Table 1 Best fitting parameters, [M]w and [M]s, obtained by fitting experimental data to the M Model and P Model. The numbers in brackets following numerical values represent the standard error of fit calculation. COD is the coefficient of determination in the non-linear fitting.
	Metal concentration 
(1 × 10-5 g/dm3)
	
	M Model as Eq. (7)
	P Model as Eq. (3)

	
	[M]e
	[M]w
	[M]s
	COD
	[M]w
	[M]s
	COD

	pH
	
	
	
	
	
	
	

	5
	1.30
	2.01(0.06)
	3.66(0.04)
	97.95%
	3.79(0.59)
	3.44(0.13)
	96.37%

	6
	1.56
	3.06(0.02)
	2.86(0.06)
	98.09%
	4.09(0.43)
	2.74(0.21)
	97.40%

	7
	1.65
	3.98(0.09)
	1.84(0.07)
	97.85%
	5.00(0.35)
	1.72(0.19)
	97.00%

	8
	1.44
	5.28(0.04)
	1.22(0.02)
	97.60%
	5.97(0.49)
	1.23(0.33)
	97.12%

	I (mol/dm3)
	
	
	
	
	
	

	0.0004
	1.53
	3.01(0.09)
	2.93(0.04)
	98.82%
	4.05(0.36)
	2.81(0.21)
	97.32%

	0.0013
	1.52
	2.30(0.09)
	2.84(0.04)
	96.83%
	3.48(0.37)
	2.71(0.22)
	95.04%

	0.01
	1.59
	1.54(0.04)
	2.89(0.08)
	96.79%
	2.90(0.62)
	2.68(0.37)
	95.11%

	0.1
	1.38
	1.31(0.07)
	2.74(0.03)
	98.05%
	2.73(0.85)
	2.51(0.50)
	91.59%

	Pre-equilibrium period of Eu ions with HA (day)
	
	

	0.25
	1.74
	3.17(0.06)
	2.72(0.03)
	97.93%
	3.77(0.52)
	2.34(0.31)
	94.79%

	10
	1.89
	2.91(0.01)
	3.24(0.02)
	98.98%
	3.47(0.23)
	3.13(0.14)
	97.94%

	20
	2.41
	2.19(0.06)
	4.11(0.03)
	98.82%
	2.56(0.12)
	4.07(0.07)
	98.89%

	40
	2.86
	1.68(0.10)
	4.48(0.09)
	96.69%
	1.88(0.16)
	4.27(0.10)
	92.29%



Determining the fraction of total metal ions bound to HA in the groundwater is crucial for predicting their mobility in geochemistry. However, it is difficult to determine this fraction using conventional analytical and detection techniques due to the mixture and heterogeneity of HA. In this study, the data obtained from modeling fit can be utilized to calculate the fraction of total metal ions bound to HA and compared with those from the ultrafiltration and fragmented simulation methods (Table 2). Detailed descriptions of the ultrafiltration and fragmented simulation methods can be found in Appendix S3 of Supplementary Materials. Briefly speaking, the ultrafiltration method assumes that the fraction of total metal ions bound to HA can be effectively removed by 10 kDa ultrafiltration treatment [35]. In the case of the fragmented simulation method, the fragmented HAs remaining in <10 kDa filtrate are supposed to consist of phthalic acid and salicylic acid. The concentration of phthalic acid and salicylic acid in <10 kDa filtrate is calculated according to the balance of the number of –COOH and phenolic –OH groups, the fraction of metal ions bound to HA in <10 kDa filtrate can thus be determined through chemical equilibrium simulation [36]. Results indicate that the fraction of total Eu bound to HA determined by the ultrafiltration method was the smallest among the four methods. This phenomenon suggests that the incomplete separation of Eu bound to HA from unbound Eu by 10-kDa-fractionated ultrafiltration may result in an underestimation of the Eu-HA interaction. With respect to the P Model fitting, the fraction of fast-dissociating Eu was mistakenly accumulated with the fraction of unbound Eu, causing an overestimation of the fraction of total Eu bound to HA. In addition, the fragmented simulation method is extremely complex, requiring the TOC data, potentiometric titration, and ultrafiltration for calculation. Therefore, compared to these three methods, the M Model fitting method may be a preferable approach due to its relatively high accuracy and ease of operation in determining the fractions of total metal ions to HA in metal-HA systems. 

Table 2 Quantitative evaluation of the fractions of total Eu bound to HA determined by ultrafiltration, fragmented simulation, M Model fitting, and P model fitting method.
	 Method
	pH

	
	5
	6
	7
	8

	[bookmark: _Hlk135242504]Ultrafiltration
	57.65%
	55.91%
	64.28%
	66.10%

	Fragmented simulation
	68.22%
	74.18%
	79.64%
	79.07%

	M Model fitting
	74.86%
	80.28%
	80.23%
	85.28%

	P Model fitting
	89.47%
	90.09%
	89.88%
	92.13%



4.3 Fractions of Eu bound to HA with different dissociation behavior.
4.3.1 Effect of solution pH 
[bookmark: _Hlk146371794][image: ]
[bookmark: _Hlk146373156]Figure 2 Fractions of unbound, fast-dissociating, slow-dissociating, and non-dissociating Eu as varying (a) solution pH, (b) ionic strength (I), and (c) pre-equilibrium period of Eu with HA. These kinetic parameters are determined by fitting the time-dependent Eu concentration to the M Model proposed in this study.

Figure 2 illustrates that the fraction of total Eu bound to HA, the sum of the fractions of fast-dissociating, slow-dissociating, and non-dissociating Eu, apparently increased with increasing pH. The primary reason for this may be that the increasing pH facilitates the deprotonation of acidic functional groups in HA molecules, mainly –COOH and phenolic –OH. This deprotonation weakens the competition between protons and metal ions during the association of metal ions with HA [37]. Meanwhile, the deprotonated acidic functional groups contribute to an increasing negative charge on HA, thereby strengthening the electrostatic field for attracting metal ions [38]. The observed trends of an increasing fraction of total Eu bound to HA with increasing pH are consistent with findings derived from other studies [39].
A comparison of the pH-induced changes in the fractions of fast-dissociating, slow-dissociating, and non-dissociating Eu is also presented in Figure 2a. It is evident that the fractions of fast-dissociating and slow-dissociating Eu were 21.62% and 39.28% at pH 5, respectively. However, with increasing pH, the fraction of fast-dissociating Eu gradually became dominant, accounting for over 50% at pH 8. Two possible interpretations have been proposed for this observation. Firstly, the chemical structures and conformation of HAs remain controversial and highly dependent on the analytical method employed [40]. One common belief is that HA molecules behave like densely coiled spheroid colloids at lower pH levels, while flexible linear colloids at higher pH ranges [41]. Another conformational model describes HA as a supramolecule composed of a complex self-assembling arrangement of heterogeneous and relatively small subunits stabilized by multiple weak interactions, such as hydrogen bonding and van der Waals forces [42]. As pH increased, the negative charges within HA increased due to the ionization of acidic functional groups. The elevated negative charges strengthen intra- and intermolecular electrostatic repulsion and reduce the presence of protons involved in hydrogen bond formation [43]. The stretching of HA in terms of macromolecular structure and the dispersion of HA in terms of supramolecular structures can release bound Eu from the internal regions of HA to its surfaces [44]. Consequently, there was an increase in the fractions of fast-dissociating Eu and a decrease in the fraction of slow-dissociating Eu. Another explanation stems from the pH-induced Eu chemical species [45]. Figure 3a illustrates the diagrams of Eu species with respect to pH in the absence of HA. A majority of Eu (> 98 %) is present as Eu3+ ions at pH 5, while as the pH increases, the dominant species shift towards Eu hydrolysis products and Eu carbonate species, successively Eu(OH)2+ and EuCO3+. These cationic complexes of Eu may be less accessible to participate in the internal association compared to the water-coordinated trivalent Eu, due to their more considerable spatial hindrance [14]. Additionally, the electrostatic field induced by these cationic complexes of Eu is weaker than that by trivalent Eu. As a result, the weaker electrostatic interactions make it less favorable for these cationic complexes of Eu to form internal and stable complexes with HA.
[bookmark: _Hlk145792160][bookmark: _Hlk146373270]It is also significant to note that the fraction of total Eu bound to HA does not markedly increase from pH 6 to pH 7, even though the fractions of fast-dissociating Eu, slow-dissociating Eu, and non-dissociating Eu exhibit variations. Typically, the logarithms of acid dissociation constants of –COOH and phenolic –OH groups in HA molecules are considered to range between 3-6 and 8-11, respectively [46,47]. Thus, the shift in pH from 6 to 7 is anticipated not to induce a substantial increase in the total number of binding sites, namely the sum of –COOH and phenolic –OH groups. This explanation will be further explored in subsequent studies.

[image: ]
Figure 3 Diagrams of Eu species versus (a) pH (I = 0.0004 mol/dm3) and (b) ionic strength I (pH = 6) in the absence of HA. Initial [Eu] = 9.31 × 10-5 g/dm3. The speciation modeling was performed using the chemical equilibrium software Visual MINTEQ (ver. 3.1, KTH). The solution temperature is set to 25 ºC and the partial pressure of CO2 is fixed at 0.00038 atm. The grey and blue shaded areas mark the pH range of the experiment and the maximum distribution of EuCl2+ in the I range.

The fraction of non-dissociating Eu appeared to fluctuate within the tested pH range. Specifically, it monotonously increased within the tested pH range of 5-7, while decreasing at pH 8. The underlying mechanism behind the irreversible metal-HA association is still a subject of debate. The formation of stable chelate rings via multidentate coordination is favored as the most plausible explanation for this irreversible interaction [48]. In general, the chelate formation is expected to be more feasible at higher pH, where high affinity phenolic-type functional groups can associate the coordination. This understanding leads to the inference that the increasing fraction of non-dissociating Eu observed in the pH range of 5-7 is likely dominated by the rise in pH. However, the phenomenon at pH 8 is still not fully understood. 

4.3.2 Effect of ionic strength (I) 
[bookmark: _Hlk146371903][bookmark: _Hlk146394771]Figure 2b demonstrates a decrease in the fraction of total Eu bound to HA as I increased. Similar trends have been observed in previous studies. For example, Szabo et al. calculated the conditional stability constants of Pu4+ with HA at different I, and found that the maximal binding capacity (Bmax) gradually decreases with increasing I [49]. Kouhail et al. also observed that increasing I inhibited the association behavior of metals with fulvic acid (FA) at FA concentration of < 10 mg/dm3 using time-resolved luminescence spectroscopy (TRLS) [50]. The dominating species is Eu3+ (> 90%) within the tested range of I (0.0004-0.1 mol/dm3), as determined by chemical calculation (Figure 3b). This suggests that the effect of I-induced changes in Eu species can be neglected. Generally, the increasing I primarily diminishes the metal-HA binding through its effect on the “smeared-out” electrostatic potential at the binding sites and ion accumulation near these sites. Furthermore, the higher I favor the HA conformation transitioning from an expanded structure (exhibiting fast-dissociating behavior) to a coiled or shrunken state, as the ions of the inert electrolyte exert a screening effect on the repulsion between the negative charges of the ionized groups of HAs [51]. The phenomenon that the fraction of fast-dissociating Eu was consistently inhibited with increasing I can be explained by the above two reasons. The fractions of slow-dissociating and non-dissociating Eu are inhibited because of the weakened electrostatic field caused by the elevation of I, while those increased due to the HA conformation from an expanded structure to a shrunken state. This opposite contribution of electrostatic field and HA conformation might result in an insignificant change in the fractions of slow-dissociating and non-dissociating Eu.

4.3.3 Effect of pre-equilibrium period
In Figure 2c, it is clear that the fraction of total Eu bound to HA increased with an increasing pre-equilibrium period. This finding aligns with the results reported by other researchers, supporting the influence of pre-equilibrium on the metal-HA association [31]. The explanation for this observation is that the structural rearrangements occur within the aqueous HA network over time. These rearrangements expose more binding sites in the hydrophilic moieties, which are available for complexation with metal ions. It is surprising to note that there seemed to be a threshold pre-equilibrium period above which no noticeable increase in the fraction of total Eu bound to HA was observed after pre-equilibrium of 20 days. This may imply a limitation in the available binding sites within HA.
A further observation in Figure 2c is that the fractions of slow-dissociating and non-dissociating Eu monotonously increased with a pre-equilibrium period. In contrast, the fraction of fast-dissociating Eu decreased. These changes in the fractions of metal states confirm the transformation processes that Eu ions undergo, transitioning from weak to strong and irreversible sites (i.e., from surface association to internal association) as the pre-equilibrium time increased. The transformation mechanism might involve in-diffusion, structural rearrangements [52], or intra- and intermolecular bridging [14]. Geckeis et al. investigated the pre-equilibrium effect of Eu-HA interaction by flow field-flow fractionation (FFFF) with ultraviolet (UV) and ICP-MS detection, and proposed that the sizes of Eu-loaded HA colloids became larger with slower dissociation rates as the pre-equilibrium period extended [14]. This finding supports the notion of the metal state transformation proposed in this study.

5 Conclusion
In this study, a modified combined dissociation model was proposed to quantitatively describe the process of metal dissociation from HA. This model included three kinetic terms and one constant, representing the unbound, fast-dissociating, slow-dissociating, and non-dissociating metal ions, respectively. By taking account of the contributions of the removal kinetics of unbound metal ions and the metal state transformation to the dissociation processes, the modified combined dissociation model provided a more satisfactory description of the dissociation behavior of Eu from HA. The correlation coefficients were closer to 1 and the standard errors were lower compared to the previous model. The previous dissociation model may have overestimated the fraction of fast-dissociating metal ions. The modified combined dissociation model fitting demonstrates its potential as a reliable and practical approach for determining the fraction of total metal ions bound to HA. Additionally, this study aimed to investigate the effects of solution pH, I, and pre-equilibrium period of HA with Eu on the fractions of unbound, fast-dissociating, slow-dissociating, and non-dissociating Eu ions, respectively, by the modified model fitting. Results indicate that the fraction of fast-dissociating Eu increased with increasing pH, while that of slow-dissociating Eu decreased. These pH-induced changes in the fractions of fast-dissociating and slow-dissociating Eu can be ascribed to the HA configurations and Eu species. A manifested reduction of the fraction of fast-dissociating Eu was observed with the increase of I. It is obvious that a longer pre-equilibrium period of Eu with HA promoted the transformation of fast-dissociating Eu into slow-dissociating and non-dissociating forms.
Overall, our findings provide valuable insights into the heterogeneous metal-HA association with different dissociation behavior, which is essential for evaluating the migration behavior of long half-life radionuclides in aquatic environments.
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