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ABSTRACT 
 
Uranium and its compounds are considered strategic mineral resources due to its usage as an energy source and 
war material. They are harmful to human health. Thus, liquid waste containing low uranium content (≤100 
mgU/L), from the mining and/or uranium reprocessing plants or even of the research center activities require the 
development of methods for their treatment, in a way to reduce its content to 15 μgU/L. Adsorption is one of 
these methods; it requires the synthesis of preferably spherical adsorbents, chemically and physically stable and 
with high adsorptive capacity. The sol-gel process can synthesize adsorbents having such characteristics, 
prioritizing the nanostructuring of iron oxyhydroxide in a hydrophilic PVA (polyvinyl alcohol) polymer 
network, which had an accessible pore structure (micro-, meso- and macropores + macroholes). We successfully 
obtained iron-PVA hydrogel spheres with (3433 ± 63 μm) and without (2833 ± 69 μm) macroholes. Both types 
of spheres have good mechanical strength and chemical stability in the 2-9 pH range. Adsorptive capacity: 
413.22 mgU/g (with macroholes; Freundlich model) and 249.38 mgU/g (without macroholes; Langmuir and 
Freundlich models), at pH 5-6, 30 °C, and 6 h. With 280 mL of with-macrohole hydrogel spheres, we can treat 1 
L of liquid waste (100 mgU/L) and reduce uranium content to 20 μgU/L. 
 
 

1. INTRODUCTION 
 
Uranium and its compounds are considered strategic mineral resources, primarily because of 
its use as an energy source and war material. They are highly toxic, constituting thereby a 
threat to human health and the environment. Thus, the economical exploitation of them is 
surrounded by international constraints, in particular due to its handling and disposal. For 
example, the World Health Organization (WHO) limits the content of U in drinking water in 
15 μgU/L [1-4]. In Brazil, this value was set at 20 μgU/L [5]. Restrictions like this demand 
from the commercial exploitation agents of uranium sources a substantial research effort to 
deal with the waste from it, in order to avoid the risk of environmental contamination with 
nuclear materials, even when such materials are presented with very low level of 
radioactivity. A typical example is the need to develop alternative methods for the treatment 
of liquid waste containing low uranium content (≤100 mgU/L) from, for example, the 
operation of uranium mining, uranium reprocessing plants or even research centers dealing 
with nuclear material. This is due to the conventional treatment methods (chemical 
precipitation, ion exchange processes related to the use of membranes, biological and 
electrochemical process, etc.) of this waste type are considered expensive and/or inefficient to 
lower the amount of 100 mgU/L to 15 μgU/L. Therefore, intensive research has been carried 
out with the adsorption method. This alternative method for treating liquid waste explores the 
adsorption and capture phenomenon of the uranium ions (UO2

2+, UO2OH+, UO2(OH)3
-, 
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UO2NO3
+, UO2Cl+, UO2(CO3)2

2-, etc.), present in an aqueous solution, on the surface of a 
particle of a ceramic solid adsorbent [2-4,6-9]. 
 
Iron compounds are typical examples of adsorbents of uranium and other nuclear material 
[4,6,9,10]. Other adsorbents surveyed use silica [11], zeolite [2,7,12], activated carbon [3] 
and ion exchange resins [8.13]. 
 
As adsorption is a surface phenomenon, the challenge is to provide an adsorbent composed of 
easily accessible nanoparticles to the uranium ions present in an aqueous medium. It happens 
that these nanoparticles are not suitable for working in fixed bed column system, since its 
sedimentation can create serious problems of percolation of the liquid to be treated and, thus, 
requiring high pumping pressure. They can also cause difficulties in the filtration step 
involved in the solid-liquid separation. Furthermore, such nanoparticles become more readily 
solubilized in the pH conditions in which adsorption is conducted. Therefore, in addition to 
these challenges, others should be added to the development of adsorbents, which are: low 
production costs; high adsorption capacity; chemical stability; high regenerative capacity; 
adequate mechanical strength of the particle agglomerates; and size and shape, which must be 
preferably spherical, of these particle agglomerates [14]. 
 
Our work tries to forward an alternative aqueous-containing uranium waste treatment 
solution, applied to research institutions, like CDTN, for instance, that generate aqueous 
waste from their research and development processes of nuclear fuel containing uranium. 
 
We propose, here, reinforce the adsorptive capacity of our spheres by nanostructuring of iron 
oxyhydroxides in the hydrophilic PVA polymer network, a scientific approach little explored 
in the literature, which uses the sol-gel process and inexpensive sources of chemical reagents. 
Thus, the proposed work can generate a technological innovation applicable to the treatment 
of aqueous wastes or waters intended for human consumption containing excess of health 
damaging elements such as F, U, As, Cd, Cu, Zn, etc. 
 
 

2. EXPERIMENTAL PROCEDURE 
 
We use the sol-gel process to synthesize iron oxyhydroxide-PVA hydrogel spheres, which is 
shown in Fig. 1a. This synthesis comprises obtaining two types of solid phases composed of 
Fe-Urea-NH4NO3. Obtaining the solid phase with micrometric particles involves mixing 45 
mL of a concentrated Fe nitrate stock solution with 32 g of urea (CO(NH2)2) and 50 mL of 
NH3 min. 25% by weight solution, yielding a reddish gelatinous precipitate, which is 
subjected to drying at 100 °C and grinding. Obtaining the solid phase with submicrometric 
particles differs only in the drying process, which occurs at 30 oC to yield a fluid slurry. After 
preparation, one add 40 g of the chosen solid phase (slurry or micrometer particles) in 45 mL 
of a concentrated Fe nitrate stock solution + 32 g of urea + 75 g  of concentrated PVA 
solution + 10 mL of ethanol, forming a coarse dispersion.  
 
In the precipitation column, one forms a jet with uniform drops of the coarse dispersion, 
which passes through an atmosphere of NH3 gas and dip into a NH3 min. 25% by weight 
solution, contained in the precipitation column. In both media, the sol-gel transformation is 
completed via inorganic polymerization reaction, which comprises two reactions, one of 
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hydroxylation (hydrolysis) and the other one of condensation. An illustrative representation, 
simplified and possible, of the inorganic polymerization reaction is shown in Eq. 1:  
 

6Fe(NO3)3.9H2O + H2OExcesso + NH4OHExcesso � [Fe5O3(OH)9 + FeOOH].xH2O.yNH3 

+18NH4NO3 + (H2O + NH4OH)Excesso                                           

(1) 

 
After the sol-gel transformation, the gel spheres remain in an ammoniacal medium for a time 
so that the aging of the iron oxyhydroxide nanoparticles is completed, i.e., the reaction of Eq. 
1 is finished, occasion, too, in which it continues to happen the growth of the formed iron 
oxyhydroxide crystallites (via dissolution and recrystallization) and elimination and/or 
transformation of the porosity. At the end of aging, the resulting gel spheres have mechanical 
properties (stiffness and strength) suitable to be handled without deformation.  
 
After aging, one carried out a thorough washing of the gel spheres with deionized water, in 
order to remove reaction by-products shown in Eq. 1 and the pH reaches ~7, then the spheres 
are ready for the uranium adsorption study in batch and/or column (Fig. 1b) modes. 
 
The characterization of the obtained spheres involves determining the diameter distribution 
(via optical microscopy), phases/crystallite size (via X-ray diffraction/Mössbauer 
Spectroscopy), elemental composition (via energy dispersive X-ray spectroscopy/EDS), and 
adsorption equilibrium behavior of U on them.  
 
 

Fig. 1: Sol-gel process (a) and U adsorption process (b). 
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3. RESULTS  

3.1 Characteristics of Iron Oxyhydroxide-PVA Spheres 
 
Fig. 2a shows the slurry of iron oxyhydroxide nanoparticles not thermally agglomerated, with 
which one obtained the Fe-PVA oxyhydroxide hydrogel spheres, shown in Fig. 2b (2833 ± 63 
µm). Drying these spheres at 30 oC, results in obtaining iron oxyhydroxide-PVA xerogel 
spheres undamaged and without apparent cracks (see Fig. 2c, 1441 ± 11 µm.) The thermal 
agglomeration of the solid phase, shown in Fig. 2d, generates stronger agglomerates of iron 
oxyhydroxide nanoparticles intercalated with ammonium nitrate and urea, with a maximum 
size of 300 µm (Fig. 2e). The iron-PVA oxyhydroxide spheres, shown in Fig. 2f (3433 ± 63 
µm), obtained with this type of solid phase, do not maintain physical integrity after drying at 
room temperature, as shown in Fig. 2g. Iron oxyhydroxide-PVA hydrogel spheres, Figs. 2b,c, 
have good sphericity; the mechanical stiffness of them is large enough to allow handling 
without disintegration and/or show permanent plastic deformation, characteristics these one 
allow handling them without disintegrating and enable them to be used in the U adsorption 
study in fixed bed columns. The red coloration of the spheres is typical of iron oxyhydroxides 
containing the ferrihydrite phases (Fe5HO8.4H2O) and goethite (α-FeO(OH)) or oxide 
particles containing the hematite phase (α-Fe2O3) [15]. According to the X-ray diffraction 
pattern (not shown), the spheres have iron oxyhydroxide particles with a very low 
crystallization degree. According to Mössbauer spectroscopy (spectra not shown), iron 
oxyhydroxide-PVA hydrogel spheres are formed only (without) or majority (with 
macroholes) of iron oxyhydroxide nanoparticles with size ≤20 nm. According to energy 
dispersive X-ray spectroscopy, the spheres have mainly Fe, having as major impurity Si 
(<0,4%). 
 
According to the literature, the polymer network, PVA type, when filled with water, maintain 
in its interwoven meshes a pore structure in the size range 5-100 nm [16,17]. The pore size in 
the polymeric matrix can be increased via polymerization of the polymer monomers around a 
crystal particle, which may be subsequently dissolved or dispersed, thereby creating a porous 
network of interconnected and in the size range of up to hundreds of micrometer size pores 
[18,19]. On the basis of this procedure, we produce a Fe crystallized solid phase, containing  
iron nanoparticles interspersed by ammonium nitrate and urea (Figs. 2d, e), with dimensions 
of a few micrometers, and we use them to produce a second batch of with-macrohole 
(micrometer size pore) iron oxyhydroxide-PVA spheres, Fig. 2f. We inferred the existence of 
such macroholes by the lower mechanical strength of these hydrogel spheres and the rupture 
shape observed in the spheres in its xerogel state, Fig. 2g, which is not observed in spheres 
without macroholes in its xerogel state, Fig. 2c. Fig. 2h shows a graphical representation of 
macroholes, created in the spheres of Fig. 2f. 

3.2 Effect of pH on the Chemical Stability/U Adsorption 
 
Fig. 3a shows the chemical stability of iron oxyhydroxide-PVA hydrogel spheres into 
aqueous medium. We note that there is no peptization of the spheres in the 2-9 pH range, and 
iron values are below the detection limit of ICP-AES analysis, 0.1 mgFe/L, thus suggesting a 
high chemical stability of these spheres. Therefore, in a wide (3-10) pH range  of U 
adsorption on iron oxyhydroxide-PVA hydrogels, there is no significant Fe content release 
into the solution and thus meets the CONAMA [5] specification related to Fe release in 
aqueous media (maximum 5 mgFe/L).  
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Fig. 2:  Iron oxyhydroxide slurry not thermally agglomerated (a); iron oxyhydroxide-
PVA spheres without macroholes, hydrogels (b, 2833 ± 63 µm) and xerogels (c, 1411 ± 

11 µm); solid phase heat treated at 110 °C according to optical microscopy (d) and SEM 
(e); iron oxyhydroxide-PVA spheres with macroholes, hydrogels (f, 3433 ± 63 µm) and 

xerogels (g, 2112 ± 95 µm); and graphical representation of the macroholes (h). 
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Fig. 3b shows the pH effect on the adsorptive capacity of the with-macrohole iron 
oxyhydroxide-PVA hydrogel spheres (Fig. 2f). We note that these spheres exhibit adsorptive 
capacity of ~14 mgU/g at pH ~6. Adsorption behavior described in Fig. 3b suggests a process 
of cationic exchange, with attraction or repulsion electrostatic strong between the charged 
counter-ions of uranium (UO2

2+, UO2OH+, (UO2)3(OH)5+, (UO2)3(OH)7-, (UO2)2(OH)2
2+, 

UO2(OH)3-, UO2(CO3)2
2- , and UO2(CO3)3

4-) and iron (FeOH2
+, Fe(OH)2

+, FeO-, and 
Fe(OH)4-) in the 2-10 pH range surveyed [9].  
 
 

 
Fig. 3: Chemical stability of iron oxyhydroxide-PVA spheres into aqueous media (a); U 
solution pH effect on the adsorptive capacity of the with-macrohole iron oxyhydroxide-

PVA hydrogel spheres (b). 
 

3.3 U Adsorption Equilibrium Isotherms 
 
Fig. 4 shows the U adsorption equilibrium isotherms on the spheres without (Figs. 4a-c) and 
with (Figs. 4d-f) macroholes. We note that the increase in the adsorptive capacity depends on 
the concentration increase, being the concentration gradient the promoter force for higher 
adsorption. As shown in Figs. 4a,d, saturation of active sites has not been achieved, 
suggesting the use of adsorbent mass excess or the need for a higher adsorption equilibrium 
time than that used (6h).  
 
With the isotherm data, we can construct representative curves of Langmuir (Figs 4b,e) and 
Freundlich (Figs. 4c,f.) model isotherms, expressed by Eqs. 2 and 3, respectively: 
 
Ce/qe = 1/b.qs + Ce/qs                                                                                                    (2) 
lnqe = lnk + 1/n.lnCe                                                                                                              (3) 
 
From the data obtained from the linearization of these curves, we can determine the 
characteristic parameters of each model. In the case of Langmuir model, we have: qs 
(saturation adsorptive capacity, mg/g), whose value in the spheres with (413.22 mgU/g) 
macroholes was higher than that obtained in the spheres without (249.37 mgU/g) macroholes.  
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Fig. 4:  U adsorption equilibrium isotherms, q(mg/g) vs Cf(mg/L), of the spheres without 
(a) and with (d) macroholes and the linear regression curves  of  Langmuir, (b, without) 

and (e, with) and Freundlich, (c, without) and (f, with macroholes) models. 
 

All values are quite significant when compared to the values presented by other adsorbents 
discussed in the bibliography (e. g, 176.12 mgU/g [4]). We also determined the "b" parameter 
(adsorption equilibrium constant) with a value of 0.0013 and 0.0010 for spheres with and 
without macroholes, respectively. The "b" value suggests a high U affinity for the active sites 
of iron oxyhydroxide-PVA spheres in low U concentrations (<10 mgU/L); R2, Langmuir 
parameter, a measure of the fit quality: 0.9185 and 0.0824, respectively for the spheres 
without and with macroholes. In the case of Freundlich model, we have: "k", "n", and R2 
(measure of fit quality) in the values of 0.4470, 1.1691, and 0.9957 and 1.1737, 1.3761, and 
0.9522, respectively in the spheres with and without macroholes. We notice, therefore, that 
the introduction of macroholes was the differential in the hydrogel sphere adsorptive 
behavior, once some of the assumptions of Langmuir model were missed (R2

Langmuir <<< 
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R2
Freundlich). Anyway, due to the characteristics of our with- or without-macrohole hydrogel 

spheres, the good fit obtained in Freundlich model for both sphere types is consistent with the 
occurrence of U adsorption on heterogeneous and low crystallization degree surface, which 
has different adsorption energies [20].  
 

3.4 U Adsorption Kinetics 
 
We evaluate the behavior of U adsorption kinetics through the first-order pseudo (Eq.4), 
second-order pseudo (Eq.5), and intra-particle diffusion (Eq.6) models: 
 

 
where qt and t are the adsorption capacity (mg/g) at time t (h), respectively; k1,ads. is the 
sorption rate constant of the first-order model, expressed in terms of g.mg-1.min-1; k2,ads. is 
the sorption rate constant of the second-order model, expressed in terms of g.mg-1.min-1; and 
kid is a constant that represent the intraparticle diffusion rate, expressed in mg.g-1.t-0.5 [21].  
 
Fig. 5a shows the q (mgU/g) vs t (h) curve, whose data we used to model the U adsorption 
kinetics. According to this curve, even after 48 h of adsorption, equilibrium was not reached, 
suggesting the existence of a limiting step of the adsorption rate; after this time, one has an 
adsorption capacity of 20 mgU/g (equivalent to a removal efficiency of 98.4%).  

 
Fig. 5b shows the linear regression of the pseudo-first order kinetic model. From the 
linearization, we obtained k1,ads. and R2 in the values of 0.6025 and 0.7062, respectively. Fig. 
5c shows the linear regression of the pseudo-second order kinetic model. From the 
linearization, we obtained k2,ads. and R2 in the values of 0.0122 and 0.9965, respectively; 
therefore suggesting that the limiting step of the adsorption process in the liquid-sorbent 
system may, indeed, be a chemical adsorption (chemisorption) involving valence forces by 
sharing or exchange of electrons between adsorbate and adsorbent.  

 
Fig. 5d shows the intra-particle diffusion kinetic model. One note in Fig. 5d we did not get a 
straight line passing through the origin, which characterize a process controlled only by intra-
particle diffusion. Instead, apparently the obtained curve consists of three segments, with the 
initial segment correlated with the diffusion effect in the boundary layer (film) and the others 
one with the effect of intra-particle diffusion. Thus, this kinetic analysis suggests that the U 
adsorption mechanism on iron oxyhydroxide-PVA hydrogel spheres is complex and that the 
surface adsorption and intraparticle diffusion contributes to the controller step of U 
adsorption reaction rate. 
 
Dose preliminary tests show that it is necessary 280 mL/L of with-macrohole iron 
oxyhydroxide-PVA spheres to lower the uranium concentration from 100 mgU/L to 20 µg 
U/L. 
 

log(qe-qt) = log qe –  k1,ads x t/2,303 (4) 
tqt

-1 = ( k2,ads qe
2)-1+qe

-1t  (5) 
qt = kid t0,5 (6) 
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Fig. 5:  Kinetic curve, (q) vs (t) (a); linearized curve of the pseudo-first order (b) and 

pseudo-second order (c) models; adjusted curve of the intra-particle diffusion model (d). 
 

 
 

4. CONCLUSION 
 

We obtained successfully macroporous hydrogel spheres in which we nanostructure iron 
oxyhydroxide in the PVA polymer network. In these spheres, we introduced a significant 
change which is the formation of macroholes within which we have monodisperse 
nanoparticles with active sites not saturated due to the bond with the PVA polymer network. 
These spheres have high chemical stability in the 2-9 pH range; they have also good 
mechanical strength. With the nanostructuring and the introduction or no-introduction of 
macroholes, iron oxyhydroxide-PVA hydrogel spheres reach high adsorption capacity, 
413.22 and 249.37 mgU/g at pH ~6, respectively in the spheres with and without macroholes. 
The U adsorption kinetics is complex, with surface adsorption and intraparticle diffusion 
contributing to the controller step of  the U adsorption reaction rate.  It is necessary 280 mL/L 
of with-macrohole iron oxyhydroxide-PVA spheres to lower the uranium concentration from 
100 mgU/L to 20 µg U/L. 
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