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Abstract

The interactions between natural colloidal organic matter and actinides in solutions are complex 

and not fully understood. In this work, a crew-cut PS-b-PAA micelle is proposed as a model 

particle for humic acid (HA) colloid with the aim to better understand the sequestration, 

aggregation, and mobility of HA colloids in the presence of uranyl ions. The effects of uranyl ions 

on the structure of polystyrene-b-poly(acry1ic acid) (PS29k-b-PAA5k) micelles in aqueous solution 

were mainly investigated by synchrotron small-angle X-ray scattering. A core-shell model, 

accounting for the thickness and contrast changes of the PAA corona induced by the adsorption of 

uranyl, was employed to analyze the scattering data. A combination of transmission electron 

microscopy, dynamic light scattering and zetametry showed a strong affinity of uranyl ions for 

PAA segments in water at pH 4-5 that resulted in the shrinkage and improved contrast of the PAA 

corona, as well as colloidal destabilization at high uranyl concentration.

Keywords: polystyrene-b-poly(acry1ic acid), micelles, uranyl, SAXS, core-shell, adsorption 

INTRODUCTION

Uranium is an essential element for nuclear energetic and military applications. In aqueous 

media such as natural water and wet soil in acidic to near-neutral pH conditions uranium mainly 

exists as linear and symmetric UO2
2+ (uranyl) ion, and its oxides and hydroxides [1, 2], including 

cationic clusters, show extensive complexation reactions with inorganic and organic-

contaminants. The behavior and fate of uranium species in ecosystem is an important issue because 
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of their toxic and radioactive hazards, and also for the extraction and potential reprocessing of 

nuclear fuel. 

The interactions between UO2
2+ or its complexes and natural matter include several types of 

chemical and physical processes: absorption/ion-exchange, adsorption/surface sorption, surface 

precipitation, complexation, or formation of colloids [3-5]. In particular, the absorption/ion-

exchange between uranyl cations and the compensation ions in clay interlayers has been 

extensively investigated [2, 6-9]. A recent grazing-incidence X-ray scattering study of 

vanadium(IV) hydroxide/clay-colloid films, in which V(IV) was used as a substitute for Pu(IV), 

supports the view that stable mineral colloids could affect the transport of actinide contaminants 

[10]. In a natural environment, the situation is further complicated due to the presence of other co-

contaminants including natural organic matter (NOM) in colloidal form. 

In view of the nanometer size and unique chemical activity, the interactions between uranyl ions 

and colloidal NOM is likely to play a key role in the mobility, distribution, transport and 

sequestration processes of uranium [11-14]. Lin et al. [11] evaluated the tendency of various 

radionuclides to partition into colloidal or truly dissolved fractions. They found that humic acid 

(HA) substances could retard the movement of anthropogenic 237Np in field polluted environments. 

Bednar et al. [12] showed that HA generally decreased uranium sorption to minerals because 

uranium has higher affinity to the organic phase. Jackson et al. [13] suggested that the uranium is 

predominantly either complexed by dissolved humic substances or bound to its colloids. Despite 

these studies, understanding of the mechanisms of interactions between uranyl ions and colloidal 

NOM is still limited, especially at nano- and molecular scales. 

The size and surface charge of HA colloids depend on sample origin, molecular weight 

distribution, pH and ionic strength of the dispersion, as well as the metal loading. Humic 
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substances contain complex mixtures of polymorphs which are difficult to fully characterize. 

Because of this complexity, these objects have not yet been standardized or mimicked by 

representative systems which could be adopted by researchers[15]. Considering these remarks, we 

propose here core-shell polystyrene-b-poly(acry1ic acid) (PS-b-PAA) micelles as a model system 

for HA colloidal particles. The structure of HA has often been described by a number of small 

aromatic organic acids (e.g., benzoic acid, salicylic, and phthalic) [16] in which carboxylic acid is 

the main functional group. Poly(acry1ic acid) is a common model for studying the complex 

formation of polyelectrolytes with metal ions [17-19]. Indeed, HA has intrinsic surfactant-like 

tendencies [20] and by using the small-angle X-ray scattering (SAXS) methods, Kawahigashi et 

al. [21] proposed that HA colloids in solution are composed of a star-shaped structures with a 

spherical core and flexible branches. Thus, self-organized PS-b-PAA micelles in solutions can be, 

to some extent, analogous to HA colloids. Specifically, PS core acts as high density colloidal core, 

and PAA corona behaves as the flexible functional groups, where O-donors in carboxylic acid are 

the main binding groups. 

The first objective of this work is to establish a PS-b-PAA micelle model as a surrogate for 

studying the interactions of HA colloid and heavy metals. The second objective is to study the 

effects of uranyl ions on the structure of PS-b-PAA micelles in weak acid aqueous solutions. We 

use synchrotron SAXS method and show for the first time its power and sensitivity to the studied 

system. The core-shell model, applied to the diblock copolymer micelle, accounts for the 

morphology and contrast changes induced by the adsorption of uranyl, giving physically realistic 

fits to the scattering data. The results show that the uranyl has a strong affinity for the PAA 

segments, resulting in the shrinkage and improved contrast of the PAA corona after adsorption of 

uranyl. 
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EXPERIMENTAL

PS-b-PAA diblock copolymer with number-average molecular weight (MN) of 27 – 31 k and 4 

– 6 k for PS and PAA respectively, was purchased from Sigma-Aldrich Co. 150 mg of PS-b-PAA 

were dissolved into 5 mL N,N-dimethylformamide (DMF), and subsequently, 8 mL of water were 

added dropwise to the previous solution under stirring in order to induce aggregation of the 

polystyrene core. The dispersion was then dialyzed into 1000 mL of deionized water during two 

days to remove the excess DMF. The concentration of the prepared PS-b-PAA aqueous dispersion 

was 10 mg/mL. For comparison, 10 mg/mL PS-b-PAA dispersions in mixed DMF/H2O solutions 

with H2O content of 50% and 80% were prepared. Uranyl nitrate hexahydrate [UO2(NO3)2∙6H2O] 

was obtained from Hubei Chushengwei Chemical Co., Ltd (China). UO2(NO3)2 solutions (0.1 mL) 

with different concentrations (1, 3, 5, 7, and 10 mg/mL) were slowly added into the PS-b-PAA 

dispersions (0.9 mL, 10 mg/mL) under stirring: these samples were referred as PS-b-PAA-nUO2 

(with n = 1, 3, 5, 7, and 10, respectively).

The SAXS measurements were conducted at the BL19U2 station of the National Center for 

Protein Science Shanghai in Shanghai Synchrotron Radiation Facility [22]. The scattering intensity 

I(q) was measured as a function of scattering vector magnitude q = 4πsinθ/λ, where λ = 0.103 nm 

is the wavelength of the incident X-rays, and θ is half of the scattering angle. A Pilatus 1 M detector 

(DECTRIS Ltd) with pixel size of 172 μm was employed to record the scattering intensity. The 

detector was placed at 2667 mm from the sample, resulting in a q range of 0.07 to 3.6 nm-1. A flow 

cell made of quartz capillary with a diameter of 1.5 mm and a wall-thickness of 10 μm was used 

to withdraw an aliquot of dispersion. Data were normalized to the intensity of the transmitted X-
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6

ray beam and corrected for background scattering using the software BioXTAS RAW [23]. Fitting 

of the experimental data to analytical model functions was performed by the method of least 

squares using the SASfit software (version 0.94.6) [24]. 

The dynamic light scattering (DLS) and zeta potential data were recorded using a NanoBrook 

Omni (Brookhaven, USA) instrument. Transmission electron microscopy (TEM) was carried out 

on a Zeiss Libra 200FE microscope. The uranyl concentration in dispersion was measured by 

inductively coupled plasma optical emission spectrometry (Agilent 730, Agilent Technologies, 

USA).

CORE-SHELL MODEL

The TEM measurements show that the PS-b-PAA copolymer in water produced spherical 

micelles with narrow size distribution (Figure 1). They consist of a PS core (20 ~ 25 nm in 

diameter) with the surface covered by the PAA chains forming the corona. This is the most 

common morphology reported for block copolymer micelles [25, 26]. Since the contrast in the 

electron density between the copolymer blocks is low, it was not possible to distinguish the corona 

layer from the PS core by TEM. 

Figure 1. TEM micrograph of the PS-b-PAA micelles.
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7

To extract more information, the scattering data were analyzed by fitting model functions to the 

I(q) curves. Prior to fitting, the scattering length density (SLD) distribution of a micelle along the 

radial direction was estimated. Generally, the PS core is believed to have a homogeneous structure 

which can be described by a solid sphere model. In contrast, the SLD distribution in the PAA 

corona is more complicated because many factors such as the ionization degree, ionic strength, 

repulsion among PAA chains, as well as PAA density and molecular weight influence the spatial 

distribution of the chains. [27]. The star model considers that the density of the corona decreases 

with increasing distance from the core [28], while the mean-field model assumes that the corona 

shell has a uniform concentration of polymer segments [29, 30]. As pointed out by de Gennes, the 

mean-field model is best suited for micelles with thin and continuous coronas [30], the so-called 

crew-cut micelles [26]. In this work the sample has a degree of polymerization of the PS block of 

279 and the PAA block of 69, i.e., the PAA corona thickness is much smaller than the radius of 

the PS core. Therefore, the PS(279)-b-PAA(69) micelles are assumed to have a uniform shell 

consisting of PAA and solvent. 

From a mathematical consideration, in the case of a spherical particle with a uniform scattering 

length density (ρ) embedded in a homogeneous medium (liquid or solid), the radiation scattering 

amplitude is written as:

                         (1) 
1

2
sphere sphere spheresphere

0

sin4 ( )
R qrF q r dr V j qR

qr
     

where Δρsphere = ρm – ρ, ρm is the scattering length density of the medium, R is the radius of sphere, 

and j(x)=3(sinx-xcosx)/x3. The scattering amplitude of a core-shell structure with uniform inner 

core and outer shell can be deduced from eq. 1,

         (2)  shell core-shell core shell core core corecore-shell
( + ) ( ) ( )F q V j qR q R V j qR        

Page 7 of 32

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

where Rcore and ΔR are the inner radius and shell thickness, Δρshell and Δρcore are the excess SLD 

of the core and the shell to the surrounding medium, respectively. Herein, the non-uniformity in 

size of the PS cores is accounted by their size distribution, while the shell thickness is assumed to 

be uniform. For a dilute polydisperse core-shell particle system, the scattering intensity in absolute 

scale is written as:

                                         (3)2
core core core

0

( ) ( ) ( , , )I q N R F q R R dR


 

where N(Rcore) is the size distribution of the inner core, which can be conveniently described by a 

normal distribution,

                                            (4)core
core

2
0 0

2

( )( ) exp -
22

RNR RN
 

 
  

 

where R0 is the mean radius, σ the standard deviation, and N0 the number density (the total number 

of particles per unit volume). The scattering curve shape of a core-shell particle is determined by 

the core radius and shell thickness, and by their contrasts Δρcroe and Δρshell with the surrounding 

aqueous medium. From visual inspection of the scattering curves, the first oscillation peak in the 

scattering curve of a core-shell particle is often sharp and broad as compared with that of a solid 

spherical particle with similar overall size [31].

Table 1. Calculated X-ray scattering length densities.

density (g/cm3) ρe (cm-2) normalized ρe

H2O 1.00 9.42×1010 1
PS 1.04 9.50×1010 1.01

PAA 1.20 1.07×1011 1.14

The actual X-ray SLD of the PS core can be assumed to be similar to the calculated value in 

Table 1, given the hydrophobic nature of PS and the nearly similar SLD of water and PS. However, 
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9

the water content in the PAA shell is not known. The corona PAA chains have a substantially 

higher SLD than both the solvent and the PS core, making the micelle essentially similar to a shell 

particle. After sorption of the UO2
2+ ions, the PAA shell’s SLD further increases due to very high 

X-ray scattering length of the uranium atom. This information will be used as the prior information 

before model fitting.

RESULTS AND DISCUSSION

PS-b-PAA Micelles. The SAXS curves obtained from the PS-b-PAA micelles in H2O and 

DMF/H2O solutions are shown in Figure 2. With increasing H2O ratio in H2O/DMF solutions the 

oscillation peaks shift toward high q indicating the decrease in the micelle size (Figure 2a), which 

is induced by the removal of DMF from the PS cores. The development of the broad first oscillation 

peak indicates the formation of core-shell PS-b-PAA micelles. Neither the solid sphere nor the 

spherical shell gave a satisfactory fit to the experimental data, as shown by the dash and dash dot 

lines in Figure 2b. In addition, an attempt to fit the shell with exponential contrast profile also 

failed. In agreement with our work, Wang et al. [27] have demonstrated that the uniform shell 

model described well the SAXS data obtained from PAA brushes grafted on PS particle core. The 

core-shell model fitted results are shown in Table 2. Note that the core-shell model works at ΔR = 

0 for the micelles in the mixed solution with 50% H2O, i.e., the micelles appear as spherical 

particles.
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10

Figure 2. SAXS curves obtained from PS-b-PAA micelles in H2O and DMF/H2O solutions; the 

curves are shifted vertically by factors of 2 and 4 for clarity; black lines are the fits to core-shell 

model (a). Model fitting to the SAXS data of PS-b-PAA micelles in H2O; the solid, dash, and dash 

dot lines denote the fits to core-shell, solid sphere, and spherical shell models, respectively (b).

The core-shell model fit to the data of PS-b-PAA micelles in H2O yields an average radius (R0) 

of 11.1 nm with a standard deviation of 1.6 nm (Table 2). Accordingly, the average aggregation 

number (Nagg) of a micelle can be estimated by 4πR0
3/3VPS, where VPS is the volume of a PS(279) 

block in a PS-b-PAA molecule; the surface area per corona chain (Ac) is calculated as 4πR0
2/Nagg. 

In average, there are 135 PAA(69) chains that emanate from the PS core, and each PAA chain 

occupies 12 nm2 surface area of the PS core. In addition, the core-shell model could satisfactorily 

describe the featured oscillation peaks, while the calculated intensities are smaller than 

experimental intensities at the low q region. This results indicate that some PS-b-PAA copolymer 

assembled into bigger particles. During TEM observations, we found a very small proportion of 

particles with size around 50 nm. The results are also in agreement with the measured 

hydrodynamic diameter (DH = 145 nm) of PS-b-PAA in H2O (Table 3).

Table 2. Structural parameters obtained from SAXS data on PS-b-PAA micelles by curve fitting 

using a core-shell model.

H2O DMF R0
(nm)

σ
(nm)

ΔR
(nm)

Nagg Score
(nm2)

Ac
(nm2)

100% 0 11.1(1) 1.6(1) 2.6(2) 135 1641 12

80% 20% 12.6(2) 1.7(1) 2.4(2) - - -

50% 50% 17.6(1) 1.7(1) 0 (fixed) - - -

PAA is a water-soluble weak polyelectrolyte with a pKa value between 4.5 and 5 [32, 33]. The 

pH value of the as-prepared PS-b-PAA dispersion is 4.5 implying that the degree of ionization of 
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PAA is about 50%. The ionization degree strongly affects the chain conformation of 

polyelectrolyte in aqueous solutions. PAA chains incline to adapt the coiled conformation when 

pH is lower, while the polymer chains become more stretched due to the repulsion among the 

ionized carboxylic groups when the pH value is higher,  [34, 35]. Assuming that the PAA corona 

chains adopt a self-avoiding walk model in a good solvent, the gyration radius (Rg) can be 

calculated as Rg = aN0.6/60.5, where a is the step length (monomer size), which is taken as 0.25 nm 

for PAA, and N is the number of steps (degree of polymerization) [17, 36]. The estimated 2Rg is 

2.56 nm, in accordance with the fitted corona thickness (ΔR). The calculated projection area of a 

PAA chain on the PS core is about 7.9 nm2, which is smaller than Ac (12 nm2). In order to decrease 

the interfacial energy between the PS core and the solvent, the PAA chains extend in the lateral 

direction to cover the PS surface, which is balanced by the repulsion among the corona chains. 

The micelle morphology can be influenced by the asymmetry of PS-b-PAA diblock. On the one 

hand, if the PAA length is too short, the micelles can adopt rod-like, vesicular and highly 

polydisperse morphologies [26]. On the other hand, if the PAA length is too long, the micelles will 

form a spherical polyelectrolyte brush, which is uncharacteristic for HA colloids. Hence, in this 

work, a moderate asymmetric PS(279)-b-PAA(69) diblock, which forms crew-cut micelles in 

aqueous solution with spherical PS core and uncrowded PAA coronas, was employed to simulate 

the HA colloids.

PS-b-PAA Micelles with Uranyl Ions. The scattering and fitted curves of PS-b-PAA micelles 

mixed with uranyl nitrate are shown in Figure 3a. With increasing UO2
2+ concentration, slight 

changes can be observed in the shape of the first oscillation peaks, and the second oscillation peaks 

become stronger. A zoom-in of the data for the q range of 0.2 to 0.8 nm-1 is shown in Figure 3b. 

As the UO2
2+ concentration was increased from 0 to 0.2 mM as well as from 0.6 to 1 mM, only the 
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12

maximum intensities of the oscillation peaks increase, while the troughs of the oscillation peaks 

remain unchanged. Since the overall intensity has a monotonous change with the PAA corona 

thickness or contrast, this behavior should be induced by the inverse change of ΔR and Δρshell. 

During fitting, the parameters of σ, ΔR, and Δρcore are fixed to the values in Table 2. With 

increasing UO2
2+ concentration from 0 to 1 mM, ΔR decreases from 2.58 to 1.85 nm, and Δρshell 

increases from 1.53 to 2.02 in arbitrary units (Figure 4). 

  
Figure 3. SAXS curves obtained from the PS-b-PAA micelles and uranyl nitrate mixtures; the 

curves are shifted vertically by factors of 2, 4, and 8 for clarity; black lines black lines are the best 

fits to core-shell model (a). A zoom-in of (a) in the medium q range (b). Deviation between the 

experimental and fitted data at the low q region (c). PS-b-PAA-7UO2/10UO2 samples were not 

evaluated because they showed precipitations.

Figure 4. PAA corona thickness ΔR and contrast Δρshell as a function of uranyl concentration.
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13

 

Figure 5. TEM micrographs of the PS-b-PAA-1UO2 (a) and PS-b-PAA-5UO2 (b).

Table 3. Dynamic light scattering and zeta potential data of PS-b-PAA-nUO2 dispersions. 

samples UO2
2+

(mM)
DH

(nm)
ζ

(mV) pH

PS-b-PAA 0 145(3) -26(2) 4.5
PS-b-PAA-

1UO2
0.2 138(2) -4(1) 5.1

PS-b-PAA-
3UO2

0.6 155(1) -9(2) 4.2

PS-b-PAA-
5UO2

1 265(5) -16(1) 4.1

PS-b-PAA-
7UO2

1.4 960(23) Partial precipitation

The deviations between the experimental and fitted data are shown in Figure 3c. Compared with 

the other samples, PS-b-PAA-5UO2 exhibits obvious up-turn in the curves, an indication of an 

attractive interaction between the PS-b-PAA micelles induced by uranyl. However, the 

morphology of these intermicellar aggregates cannot be determined due to the low q limit. The 

TEM observation also shows the significant aggregation of the PS-b-PAA micelles at high UO2
2+ 

concentration (Figure 5). In contrast, no intermicellar aggregation is observed by TEM for pure 

PS-b-PAA micelles (Figure 1). Compared to the pH of pure uranyl solution (0.2 mM, pH = 4.7), 

the increase of pH to 5.1 for the PS-b-PAA-1UO2 sample (Table 3) is probably due to the reversible 

hydrolysis reactions of uranyl (at the pH range of 4 to 5, UO2
2+ is around 69%, UO2OH+ is less 
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than 26%, and (UO2)2(OH)2
2+ is less than 5% [37]). This result implies that the uranyl 

concentration was lowered by the adsorption by PAA segments, leading to the increase of the 

solution pH. Note that higher pH (>5) induces the precipitate of uranyl in solution, while lower pH 

(<4) leads to the destabilization of the PS-b-PAA micelles because of their low degree of 

ionization. In this work, the pH did not rise beyond 5.1, therefore the complexion between uranyl 

and PAA rather than bulk precipitation of uranyl hydroxide/oxide most likely occurred.

The absolute zeta potential (ζ) of PS-b-PAA micelles with uranyl is smaller than that of PS-b-

PAA and the DH of PS-b-PAA-5UO2/7UO2 is significantly larger than that of PS-b-PAA (Table 

3). A series of PS-b-PAA micelle samples with different pH were prepared for comparison. The ζ 

of these control samples increased from -42 to -20 mV as the pH decreased from 6.2 to 3.3. The 

DH for the reference PS-b-PAA micelles at pH 4.1 was 139 nm, an indication that the pH did not 

have a significant influence on ζ and DH compared with the complexation of the micelles by uranyl. 

Hence, these results suggest that the negative charges of PAA corona are compensated by the 

positively charge uranyl solution species, e.g., UO2
2+ and UO2OH+ leading to the aggregation of 

the PS-b-PAA micelles. Small-angle scattering, DLS, zetametry, and TEM all prove that the PAA 

corona chains have strong interactions with the UO2
2+ cations.

Swiech et al. [20] and Shang et al. [38] reported a featured Rg value of ~10 nm for HA colloids, 

which may correspond to the primary particle size of HA colloids in their samples. Angelico et al. 

[39] reported that the ζ of HA-Fe colloids ranged from -16 to -36 mV at different pH values, and 

the TEM observation revealed that sponge-like aggregation of HA-Fe was composed of ~20 nm 

spherical particles. The reported size and ζ of HA colloids are comparable to those of the studied 

PS-b-PAA micelles. Therefore, from size and charge point of view, it is reasonable to consider the 

PS(279)-b-PAA(69) micelles as representative of the colloidal behavior of HA.

Page 14 of 32

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

Further increase in the concentration of UO2
2+ ions (> 1 mM) leads to the precipitation of the 

PS-b-PAA micelles, e.g., the PS-b-PAA-10U sample exhibits a complete precipitation. An aliquot 

of the supernate was measured by ICP-OES to estimate the adsorption performance of PS-b-PAA 

micelles as calculated from the uranyl concentration variation and SAXS results. On average, 1 

PS(279)-b-PAA(69) micelle can adsorb ~600 uranyl species, i.e., 15 acrylic acid segments can 

accommodate 1 uranyl. 

It has been reported that the complexing ability of uranyl cations with PAA molecules is the 

highest among the common heavy metal ions (in the order: UO2
2+ > Cu2+ > VO2+ > Co2+ > Ni2+ > 

Zn2+) [18, 40], with a 2:1 stoichiometry of the PAA/ UO2
2+ complex [41]. This work supports the 

view that formation of the stable PAA/UO2
2+ complexes is the reason for the observed decrease of 

the PAA corona thickness, the increase of the corona contrast, as well as the aggregation of the 

PS-b-PAA micelles.

Combining the advantages of quasi-monodisperse crew-cut PS-b-PAA micelles and synchrotron 

SAXS, the structure of PS-b-PAA micelles influenced by uranyl cations can be resolved by model 

fitting. The PS-b-PAA micelles exhibit featured scattering with pronounced oscillations, and 

because of the sensitivity of X-rays to heavy metals, such as uranium, the feasibility of applying 

SAXS to explore the detailed structural changes in the PAA shell influenced by uranyl is ensured. 

Furthermore, the data acquisition time for one PS-b-PAA micelle sample at SSRF BL19U2 is only 

1 second, which is enough to give good statistics for data analysis. Hence synchrotron SAXS is an 

effective tool to study the effects of interactions between PS-b-PAA micelles and uranyl ions.

We should stress that the proposed micelle model is still a simple one with respect to the real 

HA colloids-uranyl interactions. Hence, this study can be used as a guide to physical and chemical 

insights of the effects of the primary interactions. The traditional studies on the interactions 
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between HA colloids and uranyl or other metal cations are complicated by their diversity and 

incomplete understanding of their natures. More explicit results in colloidal respect are obtained 

from the PS-b-PAA micelle model, which bridge the gap in similar studies. Due to the analogous 

properties of PS(279)-b-PAA(69) and HAs colloids, we infer that the colloidal HA could form 

stable complexes and change structural configuration with adsorbing uranyl, enable uranyl to 

transport and affect the fate of uranyl in aquatic ecosystem, as well as aggregate and precipitate at 

high uranyl concentration. The developed method could be useful for future studies, including the 

adsorption mechanism of HA, their interactions with other inorganic and organic co-contaminants, 

environment remediation, as well as tracer particles to detect the transport behavior of actinides 

under the influence of HA colloids. The limitation of this work is that other functional groups 

existing in HA and capable of uranyl binding such as catechol, hydroquinone, 2-

hydroxyacetophenone and quinone [42] have not been considered. Developing new model 

micelles with different functional groups for simulating HA colloids deserves thus further studies.

CONCLUSIONS

This study indicated that the crew-cut PS-b-PAA micelles can be used to represent the 

interactions between HA colloids and actinide solution species. By virtue of the monodisperse 

PS(279)-b-PAA(69) micelles and the synchrotron X-ray radiation, the detailed microstructure of 

the micelles influenced by uranyl ions can be resolved by the core-shell model fitting. With 

increasing UO2
2+ concentration from 0 to 1 mM, the PAA shell thickness decreased from 2.6 to 

1.9 nm, and the shell contrast increased from 1.5 to 2.0 in arbitrary units. PS(279)-b-PAA(69) 

micelles showed strong affinity to aqueous uranyl ions. One such micelle can adsorb about 600 

uranyl cations and their hydrolyzed species. Higher UO2
2+ concentration (> 1 mM) promoted the 

aggregation and precipitation of the PS-b-PAA micelles. A series of work in terms of nuclear waste 
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treatment, environment remediation, and transport of actinides can be done based on the methods 

and results reported in this work.
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Figure 1. TEM micrograph of the PS-b-PAA micelles. 
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Figure 2a. SAXS curves obtained from PS-b-PAA micelles in H2O and DMF/H2O solutions (a) 
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Figure 2b.  Model fitting to the SAXS data of PS-b-PAA micelles in H2O (b). 
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Figure 3a. SAXS curves obtained from the PS-b-PAA micelles and uranyl nitrate mixtures (a). 
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Figure 3b. A zoom-in of (a) in the medium q range (b). 
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Figure 3c. Deviation between the experimental and fitted data at the low q region (c). 
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Figure 4. PAA corona thickness ΔR and contrast Δρshell as a function of uranyl concentration. 
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Figure 5a. TEM micrograph of the PS-b-PAA-1UO2 (a). 
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Figure 5b. TEM micrograph of the PS-b-PAA-5UO2 (b). 
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