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ABSTRACT

FERREIRA, Vanessa de Paula, M.Sc.,, Universidade Federal de Vigosa, March,
2017.Wastewater treatment and recovery of uranium by iron and aluminium
(hydr)oxides Adviser: Jaime Wilson Vargas de Mello. Co-advisers: Ana Cldudia Queiroz
Ladeira and Dean Hesterberg.

Uranium (U) mining and its enrichment process can cause environmental contamination and
others problems, especially when acid mine drainage (AMD) occurs. Studies in literature
demonstrates the iron (Fe) (hydr)oxides efficiency to immobilize soluble U. However, changes
in redox conditions may compromise the efficiency of some minerals, since the ferric
hydroxides are unstable under low redox potential (Eh). On the contrary, aluminium (Al) is
stable in such environments and could enhance the stability of Fe (hydr)oxides. In this study,
the soluble U immobilization was evaluated by the co-precipitation with Fe and Al (hydr)oxides
in a U contaminated water. The U recovery and stability in the solid phase were also studied.
Solutions of ferric and ferrous sulfate, Al sulfate and a U standard solution were mixed in
different proportions in order to obtain 21 treatments, which consisted of a combination of three
Fe: Almolar ratio (100:0, 80:20 and 60:40), two valence states of Fe (Fe?* and Fe®*) and one
more treatment only with Al (Fe:Al = 0:100), in three concentrations of U(80, 40 e 20 mg L.
The synthesis lasted 84 days. The pH solution was measured and adjusted to 9 weekly, as well
as the sampling of supernatant sample collections. U, Fe and Al concentrations were determined
by ICP-OES. The solid phase was characterized by X-ray diffraction (XRD) and the U
remobilization potential in the solid phase evaluated discrete extraction and a leaching test.
Results demonstrated that all treatments were efficient to immobilize soluble U in the first 24
hours of incubation. In the end of the incubation period, treatments in the presence of Al were
more efficient (more than 95%) than the ones only in the presence of Fe. Besides, treatments in
the presence of Al only were not as efficient as the ones in the presence of both Al and Fe. The
dominant mineralogical phases formed were magnetite and hematite, in the absence of Al and
in the presence of Fe?*e Fe™*, respectively; goethite in the presence of Al and Fe?*; ferrihydrite
in the presence of Al and Fe** and gibbsite in the presence of Al and in the absence of Fe.
Magnetite, hematite and gibbsite were less stable compared to goethite. Leaching test and
discrete extractions procedures confirmed the need of an appropriated mine waste storage
facility for the sludge produced by water treatment and a possible U recovery is also suggested,

for example, to its enrichment process.



RESUMO

FERREIRA, Vanessa de Paula, M.Sc., Universidade Federal de Vigcosa, marco de 2017.
Tratamento de dgua contaminada com uranio por (hidr)6xidos de ferro e aluminio e
recuperacio de uranio imobilizado. Orientador: Jaime Wilson Vargas de Mello.
Coorientadores: Ana Cldudia Queiroz Ladeira e Dean Hesterberg.

As mineracdes de uranio (U) e seus processos de enriquecimento podem gerar grandes
problemas associados a contaminacdo ambiental, principalmente quando € gerada drenagem
dcida de mina (DAM). Trabalhos comprovam a eficiéncia dos (hidr)éxidos de ferro na
imobilizacdo de U soldvel. Porém, (hidr)6xidos de Fe sdo instdveis em condi¢des de baixo
potencial redox. O Al, ao contrério do Fe, € estdvel podendo aumentar a estabilidade estrutural
dos (hidr)6xidos de Fe. Neste trabalho, avaliou-se a imobilizacdo do U solivel a partir da
coprecipitacdo de (hidr)6xidos de Fe e Al com U. A estabilidade do U na fase sélida também
foi testada. Solucdes de sulfato ferroso, sulfato férrico, sulfato de aluminio e solu¢do padrao de
U de 10000 mg L' foram misturadas em diferentes propor¢des obtendo 21 tratamentos
constituidos por combinagdes de trés relagdoes Fe:Al (100:0; 80:20 e 60:40), dois estados de
valéncia de Fe (Fe?* e Fe’") e mais um tratamento apenas com Al (relacdo Fe:Al: 0:100), em
trés concentracdes de U (80, 40 e 20 mg L1). O periodo experimental foi de 84 dias. O pH do
sobrenadante foi aferido semanalmente e quando necessario, ajustado para 9. Além disso, foram
coletadas aliquotas para determina¢do da concentracio de U soluvel, por ICP-OES. O residuo
do tratamento de dgua do foi submetido a caracterizacdo por difratometria de raios X (DRX).
O potencial de remobilizacdo do U presente no residuo foi avaliado por quatro diferentes
extracoes discretas e pelo teste de lixiviacao. Todos os tratamentos se mostraram extremamente
eficientes nas primeiras 24h de incubag¢do, porém ao final do periodo de incubagdo tratamentos
na presenca de Al foram mais eficientes em imobilizar U soluvel (eficiéncia maior que 95%)
do que tratamentos apenas na presenga de Fe. No entanto, tratamentos apenas com Al nio se
mostraram tdo eficientes. As fases mineralogicas predominantes formadas foram magnetita e
hematita, na auséncia de Al e presenca de Fe?* e Fe*, respectivamente; goethita na presenca de
Al e Fe?*; ferridrita na presenca de Al e Fe** e gibbsita na presenca de Al e auséncia de Fe.
Uréanio foi facilmente remobilizado nos tratamentos com magnetita, hematita e gibbsita, sendo
que a goethita mostrou-se mais estavel. O teste de lixiviacao e as extra¢des discretas confirmam
a necessidade de um local adequado para disposicdo da lama gerada e também sugere uma

possivel recuperacdo de U para fins comerciais, por exemplo.
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1. Introduction

The mining activities play an important role in the social and economic scenario
worldwide. In addition to thermoelectric and hydroelectric, the nuclear energy is part of the
energetic matrix in many countries and uranium (U) mining is essential for this energy
production. In Brazil, such activities are growing and U mining is responsible for 5.3% of total
world’s uranium (Portal Brasil, 2016). The national reserves were estimated in 309,200 t and
the exploitation of U tends to increase. For instance, in the end of 2016, operations of a new

Uranium mine started in the city of Caetité, located in Bahia State (INB, 2016).

The waste generated during the exploitation and processing of U ore represents a
potential pollution risk to the soil, water and sediment. Uranium production plants can generate
a large amount of waste for they generally exceed the volume of the mined ore. Even when the
U concentration in the waste piles is not economically or technically viable for exploitation, it
may be enough to pollute groundwater and expose the nearby environment and communities to
contamination (Fernandes, 2008). The health problems related to U contamination can be due
to radiological effects. However, in most cases, chemical effects may cause renal and

respiratory problems.

An appropriate mine waste management is essential to avoid contamination, especially
if sulfide minerals are exposed to atmosphere. When in contact to atmosphere and rainwater,
the weathering of those minerals generates acid mine drainage (AMD) (Ladeira&Gongalves,
2007). As a consequence, solubilization of metals, metalloids, rare earth elements and
radionuclides, such as uranium occurs (Ladeira&Gongalves, 2007), which can negatively affect

water sources as well as human health. Therefore, a suitable wastewater treatment is required.

Immobilization of soluble U by co-precipitation or adsorption by iron and, to a certain
extent by aluminium (hydr)oxides is a well known practice and it has been widely indicated to
treat contaminated water due to its low cost and high efficiency. Nevertheless, the recovery of
U from minerals formed is not explored enough, even though this practice demonstrates to be
sustainable and economically viable. Uranium, which is a pollutant, can now be processed as it

18 an ore.

In view of the above, the present work aims to investigate and test the immobilization
of soluble U in AMD effluents by co-precipitation with Fe and Al (hydr)oxides. Moreover,

studying a possible way to retrieve the immobilized U from the solids is another important point
1



of this research since it is economically interesting and it may also reduce the need for strategic

disposal facilities for keeping products resulting from contaminated water treatment.

2. Literature review

Uranium (U), atomic number 92, is a radionuclide and a heavy metal belonging to the
actinide family. It is less hard than steel and more abundant than silver, gold and some rare-
earth elements. Moreover, U is found in the rocks of the earth’s crust in its natural state, average
content of 3 mg kg'1 (Meinrath, Schneider &Meinrath 2003). In the soil, it is found in
amorphous Si, Fe and Al oxides (Allard et al., 1999). Industrially, Uranium is mainly used as
fuel for nuclear reactors, as uranium hexafluoride (UFs), which is the final product of the ore

processing. However, it is also used in medicine and can be found in phosphate fertilizers.

The toxicity of U varies due to its chemical form as well as the route of exposure. The
most potent toxicants are the soluble U compounds, e. g. uranyl nitrate (UO2(NO3)2), uranium
hexafluoride (UFs), uranyl fluoride (UO:F>), uranium tetrachloride (UCls) (Keith et al., 2013).
The poorly soluble compounds, e.g. uranium tetrafluoride (UF4), sodium diuranate (NaxU207)
and ammonium diuranate (NH4)2U207) present moderate to low toxicity, and the insoluble
compounds, e. g. uranium trioxide (UQOs3), uranium dioxide (UO), uranium peroxide (H2O4U),
triuraniumoctaoxide (UszOg) have a much lower potential to cause toxicity, whereas they can
cause pulmonary toxicity in case of inhalation (Keith et al., 2013). Ingested uranium is less
toxic than inhaled uranium, which may be partly attributed to the relatively low gastrointestinal
absorption of uranium compounds. Once natural uranium produces very little radioactivity per
mass, the renal and respiratory effects from exposure of humans and animals are usually
attributed to the chemical properties of uranium (Keith et al., 2013). Associated to healthy
problems related to its radioactive and chemical potential, the World Health Organization

(WHO) adopted a threshold of 20 ug L' of U for drinking water.

Regarding the Brazilian legislation, maximum contaminant levels for U in water are
established by the Nuclear Energy National Council (CNEN) and the Environment National
Council (CONAMA). The first one states a maximum of 5.6 x10° Bq m™ of natural U in waste
water (CNEM, 2014) for the management of radioactive waste of low and medium radiation
levels (Resolution CNEN 167/14). Furthermore, the CONAMA resolution 357/05, determines
a maximum total uranium concentration of 0.02 mg L™! for effluent discharge in class 3 water.
Class 3 water includes sources destined to human consumption after treatment; irrigation of

tree, cereal and forage crops; amateur fishing; recreation and animal feeds (CONAMA, 2005).
2



This legislation also determines the maximum total uranium concentration in saline water of

0.5mgL™

Uranium is usually found in two valence states: U and U*, therefore it also exists in
two other states, U* and U*. The hexavalent form is the highly soluble uranyl ion (UO2*"),
which is typically found in oxidizing solutions and soil (Duff et al., 2002; Vandenhove et al.,
2014). On the other hand, in its tetravalent state (U*") uranium is quite insoluble. Uraninite,
which is an uranium oxide (UQ>), is an example of U*compound (Senko et al., 2007). The

natural occurrence of uraninite contains some U®* in its structure and it is more precisely

represented by the formula UO(2+ x) (Where 0 < x < 0.25) (Bruns, 1999).

Hexavalent uranium, which tends to form relatively soluble compounds is more likely
to be a toxicant than tetravalent uranium, which forms relatively insoluble compounds (Keith
et al., 2013). Therefore, the reduction of soluble U®* to insoluble U**, such as uraninite, is a
reaction that can be induced to prevent U migration into subsurface and superficial waters

(Murphy, 1999) and reduce human health problems.

Under alkaline conditions, quite common in AMD neutralization process, U can
precipitate as uranium carbonates, for instance the complex U2(CO3)s. It can also occur without
carbonate in solution when CO;, from atmosphere, precipitate. However, this salt is soluble
enough, so consequently it is a potential risk at affecting its surrounding environments

(Langmuir, 1978).

Different soil properties as pH, phosphorous (P), iron (Fe) and aluminium (Al)
(hydr)oxide content, carbonate and organic matter contents and soil colloids also influence the
chemical and physical behavior of U (Vandenhove et al., 2014). It is worth noting that U**
concentration in water is also limited by the efficiency of the adsorption process on Fe and Al
oxides and hydroxides (Yusan, 2011). The presence of U polluting ground water can rather be
related to bicarbonate ions (HCOs3"), which forms readily soluble uranyl complexes. These
complexes are probably transported in the form of hexavalent carbonate complexes (UO2CO3)

or UO>?* ions (Choy et al., 2006).

In their study, Duff et al. (2002) presented some mechanism of U immobilization by
which U mobility can be retarded in the surface and subsurface of geologic environment. Some

of the mechanisms occur by co-precipitation with iron oxides and other minerals, occlusion of



U by clay and metal oxide coatings, reduction of U®*, microbial uptake, sorption of U by organic

or inorganic matter, such as humic acids and Fe oxides (fig. 1).

A) Precipitation of U(VI) and U(VI) D) Occlusion by clay and oxide coatings

solid dissolved solid

E) Formation of U(IV) oxide surface

B) Microbial uptake of U coatings on U(VI) solids

Solid phasé
U(VI)

U(yv)
C) Sorption of U by organic matter
and minerals F) Co-precipitation of U with Fe and Mn

oxides and substitution in silicate clays
(%)) and carbonates

T

Figure 1. Mechanisms of U immobilization (Duff et al., 2002)

In Brazil, the uranium mine located in the alkaline complex of Caldas, in Minas Gerais
State, belongs to the largest complex of alkaline rocks in Brazil. Such complex is altered by
metassomatism and hydrothermalist and with phonoliths as their main type of rock. As a result
of these processes, pyrite veins with small amounts of galena (PbS) and spharelites((Zn, Fe) S)
were formed. In addition, Rare Earth group (ETR) deposits were reported as a result of
hydrothermalism and intense weathering (RADAM, 1983). Fifteen years later, (1982 — 1997)
uranium mining and milling processes were shut down. However, the waste piles have been

generating acid mine drainage (AMD) until today.

The presence of pyrite is considered the main source of AMD in the region of Caldas
(Mello et al., 2006). Therefore, the consequences of pyrite dissolution consist of low pH and

consequently the dissolution of minerals and the mobilization of their elements, for instance:

4



arsenic (As), cadmium (Cd), lead (Pb), cobalt (Co) and uranium (U). In order to treat AMD
effluent, retention basins are installed on the bases of the rejected piles. According to Fernandes
et al. (2008) concentrations between 16.6 mg L' and 80.2 mgL 'were found in these AMD

effluents.

The effluent of AMD is characterized by low pH values, close to 3.5 or less, due to the
oxidation of FeS» (Ziemkiewics et al., 1997; Mello et al., 2006). As a consequence, there is an
increase of ferrous (Fe?*), sulfate (SO4*) and hydrogen (H*) concentrations in solution. The
ferrous ion is oxidized to ferric ion, which can precipitate by hydrolysis and enhance the
concentration of H* ions in solution. According to Singer &Stumm (1970), the kinetic from the
precipitation of pyrite is accelerated in the presence of ferric ion. On the other hand, the
oxidation of Fe may limit the generation of AMD, once Fe** precipitates in the surface of the
sulfate minerals encapsulating them. This reaction has a half-life of 1000 days. Equations 1, 2
and 3 represent the chemical reactions involved in the process of the oxidation of pyrite

(Santos&Ladeira, 2011):

4FeS: (s) + 140, (g) + 4H20 (1) <> 4Fe** (aq) + 8504 (aq) + 8H* (aq) (1)
4Fe** (aq) + O 2 (g) + 4H* (aq) <« 4Fe** (aq) + 2H20 (1) 2)
4Fe** (aq) + 12H20 (1) <> 4Fe(OH); (s) + 12H* (aq) 3)

Studies on literature demonstrate the effectiveness of different Fe(hidr)oxides in soluble
U immobilization (Dodge et al., 2002; Duff et al., 2002; Noubactep et al. 2006; Brandy et al.,
2008, Nico et al., 2009; Zhang et al., 2009; Dickinson & Scott 2010, Rule et al., 2014).
However, changes in redox conditions may compromise the efficiency of some minerals, since
the ferric hydroxides are unstable under conditions of low redox potential (Eh). In such
environments, the dissimilatory reduction of Fe is an important microbiological process, which
depends on ferric minerals as terminal electron acceptors (Bonneville et al., 2006). The
microbial reduction can have impacts on the persistence and mobility of U, among other
processes, under anaerobic conditions (Lovley et al., 1993; Cumming et al., 1999; Zachara et

al., 2001).

The stability of Al under anoxic conditions is already well known. Unlike Fe, this
element does not participate in reactions involving the transfer of electrons under natural
conditions. For this particular reason, the presence of structural Al increases the stability of the

(hydr)oxides of Fe. Slower rates of reductive dissolution, both chemical and microbiological,



in the presence of Al in isomorphic substitution to Fe in the structure of the ferric (hydr)oxides
were reported by Schwertmann (1984) and Jeanroy et al. (1991). According to Torrent et al.
(1987), the isomorphic substitution of Fe by Al was diminishing the reduction dissolution of
synthetics goethite and hematite by dithionite bicarbonate solution. Bousserrhine et al. (1999)
also demonstrated that the biological reduction rate of Al-substituted goethite decreased as
substitution increases. Al-goethite was more resistant to reductive dissolution than another
substituted goethite. Similar results were obtained by Silva et al. (2010) who verified that the
presence of structural Al increased not only the stability of goethite under reducing conditions,
but also its capacity of As adsorption, about three times greater and relative to goethite without
substitution. Therefore, the combination of the higher stability of Fe (hydr)oxides under
oxidizing conditions with the higher stability of Al under reducing conditions may be an

advantageous alternative for the control of AMD.

Structural Al (hydr)oxides are not uncommon and occur under natural conditions,
especially in tropical environments. The presence of goethite and, in a less extent, hematite with
isomorphic substitution of Fe by Al in soils and sediments is reported by several authors

(Schulze and Schertmann, 1984), Torren et al. 1987; Cornell& Schwertmann, 2003).

The co-precipitation of soluble U with Fe and Al (hidr)oxides was investigated in order to
analyze the efficiency of U immobilization. Four different Fe:Al molar ratios were tested for
two Fe valence (Fe?* and Fe*). It was expected that in the treatments with higher Al
concentration and in the presence of Fe**, a higher U immobilization would occur. Aluminium
would also promote an improved stabilization of the oxides and hydroxides formed, promoting
less U desorption and a safe water treatment sludge (WTS). However, a better recovery of U
from the sludge/residue of water treatment was expected to occur in the absence of Al.
Moreover, for treatments in the presence of Fe?*, a higher U immobilization was expected, once

the oxidation of Fe** to Fe** could promote the reduction of U®* to U*, less soluble species.



3. Materials and Methods

The experiment consists of Fe and Al (hydr)oxides precipitates in the presence of soluble
U. After an incubation period of approximately three months, the water treatment sludge (WTS)

formed were qualitatively and quantitatively characterized.

3.1 Simulating water treatment

The experiment was adapted from the method of Al-substituted goethite described by
Schwertmann & Cornell (2000). The main adjustments were made in order to simulate a sulfate-
rich water treatment, like AMD. Instead of chloride salts, sulfate salts were used and the pH
adjusted to 9 rather than 11. The pH assortment was used according to the Brazilian legislation,
CONAMA resolution number 430, which determines that the pH for effluents discharge must
be between 5 and 9 (CONAMA, 2011). The total incubation time, 84 days, was chosen in order

to obtain a more stable residue (or sludge) of the wastewater treatment.

The precipitation of Al-Fe (hydr)oxides was conducted in polyethylene bottles, which
were previously washed in a solution of HCL 1:1, with U contaminated water. Three different
concentrations of U were used (80 mg L', 40 mg L'! and 20 mg L™!). These concentrations were
established based on the literature, especially the study of Fernandes et al., (2008), who found

concentrations up to 80 mg L' of U in AMD contaminated waters at the U mine in Caldas, MG.

The experiment was an incomplete factorial displayed in a randomized block design, the
three blocks were the replicates, whose samplings were done in different days of the week
(Monday, Wednesday and Friday). Expressing an incomplete factorial of [(3x2) +1] x 3, the
treatments consisted of combinations of three Fe: Al molar ratios (100:0, 80:20 and 60:40), two
iron valences (Fe? * and Fe® *) and one more treatment only in the presence of aluminium
(Fe:Al = 0:100), in three different U concentrations. The Fe:Al molar ratios were determined
to test the influence of Fe isomorphic substitution by Al in the immobilization of U, as well as

the efficiency of Fe and Al in uranium immobilization.

Summarizing, the experiment consisted on 21 different treatments, and three replicates
totalizing 63 experimental units. Those 21 treatments were grouped in four distinct groups, T1;
T2; T3 and T4, which express the different Fe:Al molar ratio. To distinguish iron valence
number 2 (Fe**) and number 3 (Fe**) precede the name of the group. Each group has three
different treatments (i.e.: 2T1A, 2T1IB and 2T1C), which express the three initial U

concentration as described below. (Table 1).



Table 1. Fe: Al molar ratio and U concentrations in treatments.

Fe:Al molar

) 100:0 80:20 60:40
ratio

[U] (mg L") 0 80 40 20 0 80 40 20 0 80 40

20

Fe?* treatments 2TIA 2TIB 2TIC 2T2A 2T2B  2T2C 2T3A  2T3B
Fe3* treatments 3TIA 3TIB 3TIC 3T2A  3T2B  3T2C 3T3A  3T3B
Fe2* Blanks 2T1 2T2 2T3

Fe3* Blanks 3T1 3T2 3T3

2T3C
3T3C

Fe:Al molar

. 0:100
ratio

[U] (mg L'l) 0 80 40 20
No Fe treatments T4A T4B T4C
No Fe Blanks T4

The experiment was performed under oxidic conditions aiming to be as real as possible
when compared to the treatment systems performed in a mining waste operation. Initially, for
all 63 experimental units, a uranium standard solution of 1x10* mg L' Assurdnce®,
SPEXertificate® was diluted into each polyethylene bottles, which already contained 500 ml
of Milli-Q® 18 MQ water, in order to obtain the three different initial U concentrations (80, 40
and 20 mg LY. In sequence, 200 mL, 160 mL and 120 mL of a FeSO4.7H>0 PA Merckmillipore
0.645 mol L' solution were added into the bottles corresponding to Fe** treatments. To Fe®*
treatments 200 mL, 160 mL and 120 mL were added, respectively, of a Fe2(S04)3.8H20 PA
Merckmillipore 0.323 mol L !solution. Lastly, 40 mL and 60 mL of a Al»(SO4)3.18HO PA
Sigma-Aldrich® 0.321 mol L-'solution, were added in the treatment groups T2, T3 for both
iron valence state. Treatment T4 was done by addition of 200 mL of Al>(SO4) 3.18H20 PA
Sigma-Aldrich® 0.321 mol L' solution. The volume of all solutions was filled to 900 mL with
Milli-Q® 18 MQ water (Figure 1.-A) and then the pH of each treatment was adjusted to 9 + 0.5
with a 5 mol L' KOH PA Sigma-Aldrich® solution (Figure 2.-B), and last of all, to each

experimental unit the volume was completed to 1 L.



P ———

= - - . 3 '
Figure 2. Experimental units. (A) Before pH first adjust, O h. (B) After pH first adjust, 2 h (C) 5 days after pH first
adjust.

Oxidation of Fe** to Fe™* and possible incorporation of Al** into the structure of the
Fe oxides formed were induced by pumping air through solutions for 1 hour daily over the
entire incubation period. Eh and pH were also measured after the supernatant samples collection

and before air pumping was applied. pH values were adjusted to 9 whenever necessary.

3.2 Uranium removal from water

In order to evaluate the U removal from the contaminated water, supernatant was
sampled periodically, every seven days, throughout the total experimental period. However,
during the first week, the samplings were more frequent: 2 hours after adjusting the pH, in the
first day, in the third day and in the seventh day of the incubation period. From then on, the

samplings were weekly.



Samples of 2 mL from the supernatant solution were collected and saved in micro tubes
and stored in a refrigerator as long as the elements are determined. The determination of the U,
Fe and Al concentrations were performed by inductively coupled plasma optical emission
spectroscopy (ICP- OES) in a Perkin Elmer Optima 8300. Aliquots of 1mL of the supernatant
were diluted with 1 mL of 2% HNOs to achieve pH lower than 2, which is ideal for ICP-OES
analysis. In order to ensure the quality of this analyses, Check solution of 20 mg L' of U and
Spike solutions of 40 mg L'of U plus 1 ml of two samples at random were read between each
10 readings of the experiment samples. Blank samples were also read together with Check and
Spike solutions, therefore a better and more realistic detection limit (DL) was calculated. Also,
all solutions of the calibration curve had a similar matrix to the samples matrix, a concentrated

solution of S and K.

The removal efficiencies were calculated in the end of incubation period by the following
equation (Tavengwa et al., 2016):

_(Co—c¢f)

E
Co

100

E = Removal efficiency
Co = Initial concentration of U
Cf = Final concentration of U in the end of the experimental period

3.3 Characterization of water treatment sludge (WTS)

3.3.1 Samples preparation

In the end of the experimental period, the supernatant was siphoned and the water
treatment sludge (WTS) transferred to polyethylene pots, which were completely dried in an
oven drying at less than 40 °C. According to Schewertmann & Cornell (2000) this temperature
is low enough to avoid any phase modification or transformation. After drying, the sludges solid

phases were sieved at an opening of 0.088 mm (200 mesh).

The samples of the three replicates, in each treatment, were combined and homogenized
forming a single composted sample. Those samples were dialyzed in 30 mL 3,5 kD cassettes
with K>SOus solutions at decreasing concentrations (from 4x102 to 4x10° mol L
approximately) in order to remove soluble salts that precipitated during drying. Dialyses were

held until the electrical conductivity dropped to values between 15uS cm™ and 18uS cm™.
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3.3.2 Identification of mineralogical phases

In order to identify the mineralogical phases formed, the X-ray diffractometry technique
were performed using Co ka radiation (A = 0.179 nm), scanning angle ranging from 0° to 90°
and scanning speed of 0.1° 20 s™!. The diffractograms were interpreted from data in JCPDS
(1974) and CHEN (1977).

3.3.3 Evaluation of the stability of U in water treatment sludge (WTS)

A leaching test was performed to evaluate the potential hazardous in the solid phase
formed, according to ABNT NBR 10005 (2004). This methodology was applied in order to test
the stability of the water treatment sludge/residue so to determine appropriate disposal

conditions.

The U stability in the solid phases was also evaluated by two water ( Milli-Q® 18 MQ)
sequential extraction, an acid extraction by 0.11 mg L' CHsCOOH PA Sigma-Aldrich®
solution, a reductive extraction by 0.5 mg L' NH,OH.HC1 PA Merckmillipore and an extraction
by 0.5 mg L' NH4F PA Sigma-Aldrich® to evaluate U bonded to Al. Extractions were based
on the methodology described by Larios & Martinez (2012),but through discrete extractions
instead of sequential scheme in order to avoid sample losses between extractions. Baig et
al.(2009), who tested both, sequential and discrete extractions concluded there was no

significant difference (p < 0.05) between them.

The percentage of U remobilization was determined by the difference between total U
content in the sludge solid phase and the content remobilized by the extractions. The total U

content was calculated based on the U initial and final concentration in the solution.

3.4 Statistical analyses

Variance analyses, ANOVA factorial and ANOVA one-way and Tukey tests were
performed by the software STATISTICA 8.0 in order to analyze and compare all treatments
and their effects (U initial concentration, molar ratio of Fe:Al and Fe valence states) for U

removal efficiency results. Results are described in the appendix.

3.5 Visual MINTEQ application

The distribution of the uranium species was calculated by using the freeware chemical
equilibrium model Visual MINTEQ ver.3.1 in order to estimate a possible chemical species
saturation of such solution in the beginning and in the end of incubation period.
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4. Results and discussion

4.1 Uranium immobilization

All treatments were effective to drop soluble uranium concentration to values below
detection limit (DL = 0.009 mg L!) in the beginning of the incubation period (Figures 3, 4 and
5). Only the treatments with ferrous sulfate (Fe**), in the absence of Al (100:0 Fe:Al molar
ratio) and in the presence of Al, at a Fe:Al molar ratio of 80:20, presented an expressive peak
of soluble U in the beginning of the incubation period. However, after that period, U
concentration in the supernatant dropped and remained so for 28 days. From that period on, U
concentration had a general upward trend, which was more expressive in treatments A with the
highest initial U concentration (80 mg L'!). However, it was also observed in treatments B and
C with initial U solutions of 40 and 20 mg L-!, Figures 2, 3 and 4 respectively. Such results
suggest that 24 hours is an ideal incubation period to completely immobilize U from
contaminated water by precipitation with Al-Fe (hydr)oxides. Nevertheless, this short time
frame is not enough to form stable minerals, as recent precipitated Al-Fe (hydr)oxides are rather
poor crystalline. Further, this time frame is not suitable to manage waste in real mining
operations and, of course, 2 weeks is not a suitable incubation time to immobilize U. Thus, a
safer time frame is from 2 to 3 weeks, when all treatments showed low concentrations of soluble

U, though not as low as in the first 24 hours (Appendix Tables A.1 and A.2).

Regarding legal regulations adopted in Brazil, all treatments would fulfill the threshold
of 0.02 mg L! for waste water discharge just during the first day of incubation period.
Treatments in the presence of Fe** and at low U initial concentration comply with this
regulation for 21 days of incubation. More specifically, treatments in the presence of Al and
Fe?* and the same U initial concentration, 2T2C and 2T3C, maintained U concentration lower
than the threshold for 49 and 56 days, respectively. On the other hand, in the end of the
incubation period, no treatment achieved the threshold recommended by the CONAMA
regulation 357/05 (CONAMA, 2005). It is also worth observing that the World Health
Organization (WHO) also suggests the same threshold as uranium maximum concentration in
drinking water. Therefore, a suitable waste management time frame of three weeks maximum

is reinforced by the legal regulation.
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Figure 3. Uranium concentration’s during incubation period. Treatments with 80 mg L' of uranium initial
concentration.
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The most efficient treatment, which immobilized higher amounts of soluble U until the
end of incubation period, was treatment 2T3C, in the presence of Fe?* and Al in a molar ratio
of 60:40 and low U initial concentration (Figure 5 and 6). In this treatment, U concentration
remained lower than the detection limit (DL) within 56 days. From then on, a slight increase in
U concentration occurred within incubation period and the final soluble U concentration was
around 0.70 mg L. On the other hand, treatment 2T 1A in the presence only of Fe**(molar ratio
Fe:Al of 100:0) and high U initial concentration was the least efficient (p < 0.05). Its soluble U
concentration was lower than the DL only on the first day of incubation, and the final U

concentration achieved values around 32 mg L1

According to Tukey variance analysis (Table 2), treatments containing 80 mg L! of U
in the water presented higher final concentrations of soluble U, independently of the Fe: Al ratio
(p < 0.05). Therefore, the highest is the uranium concentration in the beginning of the
experiment, the lowest is the effectiveness of water treatment by precipitation of Al-Fe
(hydr)oxides. Similar results were obtained by Stewart et al. (2009), who achieved higher U

immobilization from water with the highest Fe?* concentration (0.01 mg L'!).

As a result of the similarity among the efficiency (p < 0.05), treatments can be distinct
in two different groups. The group which represents a higher efficiency is totally composed by
treatments in the presence of both Fe and Al and low U initial concentration 2T3C; 3T2C;
3T3C; 2T2C; 2T3B and 3T2B (Table 2). The group which represents a lower efficiency in
immobilize soluble U is mostly represented by treatments in the presence only of Fe or Al and

high U initial concentration 2T1A; 2T1B; 2T2A; 2T1C; 3T1A, T4A and 3T1B.

Therefore, precipitation of Fe (hydr)oxides in the absence of Al was less effective to
immobilize soluble U during the entire incubation period (p < 0.05) (Table 2). On the other
hand, treatments containing Al and Fe tended to maintain lower concentrations of soluble
uranium for a longer period, independently of the Fe valence (p < 0.05), with removal
efficiencies higher than 94% in the end of the incubation period (Figure 6). These data suggest
that Al enhances the efficiency of treatments to immobilize U from water in the presence of Fe.
However, precipitation of aluminium in the absence of iron, treatments T4 (Fe:Al molar ratio
of 0:100), was not as efficient as in Fe presence (p < 0.05). Such results suggest that the
isomorphic substitution of Fe by Al in octahedral positions plays an important role in uranium
immobilization by Fe (hydr)oxides. Silva et al. (2010) also observed similar results, but for

arsenic immobilization, which was ascribed to an increase of the arsenic (As) adsorption
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capacity by goethite containing Al. It is well known that isomorphic substitution of Fe by Al
enhances the specific surface due to a decrease in the size of the Fe (hydr)oxides crystallite

(Schwertmann & Murad, 1990; Cornell & Schwertmann 2003).
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Figure6. Removal efficiency of U in the end of incubation period.

Table 2. Results of variance analyses by Tukey for U removal efficiency

Treatment Tukey Treatment Tukey Treatment Tukey
2T3C a 2T3A abc 3T1B bed
3T2C ab 3T2A abc T4A bede
3T3C ab 3T3B abcd 3T1A cde
2T2C ab 3T3A abcd 2T1C de
2T3B ab T4C abcd 2T2A de
3T2B ab 2T2B abed 2T1B e

T4B abcd 2T1A
3T1C abced

An interesting behavior of the soluble U during the incubation time is a general upward
trend from the 21% day until the end of the experimental period. This trend was more expressive
in treatments with higher initial U concentration (80 mg L!). However, it is also observed in
the treatments with initial U solutions of 40 and 20 mg L. Dickinson & Scott (2010) reported
the same tendency in a study about remediation of uranium contaminated waste effluent with
zero-valent iron nanoparticles. They ascribed that results to partial redissolution of uranium
previously removed from the zero-valent iron nanoparticles(INP)surfaces. Dissolution of U

from carbonate complexes can be another explanation given for that. Vandenhove et al. (2014)
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reported formation of uranium carbonates in alkaline conditions, which increases the total
solubility of U. Species of uranium carbonate are likely to be present in the solutions, once
carbonates were incorporated by the daily air pump in the solutions. According to Visual
MINTEQ models some soluble species as UO2(CO3)2 and UO2(CO3)3* are probably dissolved
in every treatment solution when the pH is 9. However, the concentration estimated by the
program is lower than 2x10# mol L', therefore it does not explain the whole soluble U. The
presence of dissolved uranium sulfate (UO2S0Os4), even at high pH, reinforces the hypothesis

that dissolved U species are enhancing total soluble U concentration.

The association of U and SO4? occurred once all solutions have more than
1.2x10* mg L' of sulfate. However, sulfate is also sorbed on iron and aluminum (hydr)oxides
and uranium can bound to these complexes. Therefore, uranium sulfate complexes could be
adsorbed on minerals formed and by the time desorbed enhancing U concentration. Walter et
al. (2003) studied the uranium sorption onto ferric oxides and schwertmannite in a sulfate-rich
water. They concluded that U loading occurs due to the release of sulfate from the substrate.
They also observed that uranium displace sulfate from the goethite surfaces rather than the
schwertmannite surfaces enhancing U stabilization in goethite. These statements can also
explain the difference of soluble U concentration among treatments in the end of incubation
period. Some complexes of uranium sulfates or only sulfates could be sorbed on Fe and Al
(hydr)oxides formed, and depending on the treatment, soluble U could displace more sulfates
to solution. Magnetite and hematite were formed by treatments 2T1 and 3T1 only in the
presence of Fe?* or Fe**, which did not immobilize U as well as the treatments in the presence

of both Fe and Al that formed goethite.

Treatments with ferrous sulfate (Fe®"), in the absence of Al (100:0 Fe:Al molar ratio)
and in the presence of Al, at a Fe:Al molar ratio of 80:20, presented an expressive peak of
soluble U in the beginning of the incubation period. It occurred between day 1 to day 7 in the
absence of Al and between day 3 to day 14 in the presence of Al (Figures 3, 4 and 5). This
behavior can be related to pH data (Figure 7), which showed a corresponding negative peak in
the same period. Furthermore, the minimum pH coincide with maximum U concentrations in
these treatments. It is worth observing that the same tendencies were not observed in treatments
with ferric Fe (Figures 3, 4, 5 and 8). Therefore, these results can be ascribed to oxidation of
Fe?* followed by Fe** hydrolysis, which release H* ions. In the formation of goethite from Fe**,

for instance, a total of 8 moles of H" are produced as follows (Schwertmann & Cornell, 2000):
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Oxidation: 4 Fe**+ 0>+ 4 H*— 4 Fe** + 2 H.O

Hydrolysis: 4 Fe** + 8 HoO — 4 FeOOH + 12 H*

Netreaction: 4 Fe** + O»+ 6 H,O — 4 FeOOH + 8 H*

Even though the reaction responsible for pH decrease is the Fe** hydrolysis, treatments

with Fe** and AI** pH did not drop as much as in other treatments in the beginning of the

incubation period (Figure 8). Consequently, the U concentrations remained low in the same

period for treatments with ferric sulfate. An explanation for the difference between treatments

with Fe** and Fe?* is that Fe’* needs to oxidize previously to precipitation. On the other hand,

Fe’* immediately precipitates consuming anions OH". An evidence to this hypothesis is that

treatments with Fe** consumed almost double the KOH volume compared to treatments with

Fe?* in order to buffer pH to 9 in the beginning of the incubation period (Figure 9). After the

initial pH correction, the consumption of KOH was higher in Fe** treatments until the 14%

incubation day (Figure 10). These data suggest that Fe** postpones adsorbent (hydr)oxides

formation and also U immobilization.
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Another evidence of Fe* precipitation delay is the soluble iron during incubation period

(Figures 11 and 12). Soluble iron concentrations followed the same tendency of U

concentrations. A rapid rise occurred and reached a maximum value and then dropped to values

lower than or close to the detection limit (0.013 mg L) in treatments with Fe** (Figure 11). On

the other hand, iron concentrations were much lower in treatments with Fe** (Figure 12). Fe

(hydr)oxides solubility, which is minimum around pH 8 (Cornell & Schwertmann, 2003) is the

reason for that. The iron and aluminium (hydr)oxides formed in treatments with Fe**as soon as

the pH was firstly buffered to 9, remained more stable than the ones formed in Fe?* treatments.

pH of Fe** treatments remained between 9 and 8 (Figure 8), which explains that. On the

contrary, pH dropped to a minimum between 5.5 and 6.5 in Fe?* treatments. Therefore, a higher

Fe solubility occurred during the period in which pH was low (Figure 11).
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To a certain extent, it was expected a higher efficiency of ferrous (Fe>*) than ferric (Fe**)
jons to immobilize uranium from water. This is because Fe* oxidation to Fe3*, drives the
reduction of uranyl (U®") to uranate (U*") ions, which is considered more stable (Dickinson &
Scott, 2010). However, in spite of this, treatments with ferrous sulfate were less efficient
compared to ferric sulfate, in the absence of Al. The same occurred in the presence of Al at a
molar ratio Fe:Al of 80:20, excepted to the lower U concentration (20 mg L!). On the other
hand, there was no significant difference between Fe?* and Fe** treatments in the presence of
Al at a Fe:Al molar ratio of 60:40 (Figure 6). An explanation to those results could be the
formation of uranous oxide (UO,) due to reduction of U®* to U** in treatments with Fe?*. In the
presence of oxygen, UQO; is less stable resulting in dissolution and release of soluble uranium,
as stated by Stewart et al. (2009). In summary, the results mentioned above can be related to
interactions of uranium with different mineral phases formed at different Fe:Al:U molar ratios

as discussed by Dodge et al. (2002).

A practical implication of these results is the need of a safe facility to dispose the
resulting sludge/residue of the sulfate-rich water treatments. A one-day-old mud disposal
produced by such treatments may arise environmental risks due to the instability of co-
precipitated U, as Al-Fe (hydr)oxides are rather amorphous. On the other hand, this period
should be a suitable time frame when the objective of the treatment is the enrichment to recover
U from the resulting water treatment sludge/residue. These two statements will be further

considered when discussing solid phase characterization.

4.2 Solid phase characterization by XRD diffraction

According to previous discussion and Cornell & Schwertmann (2003), each group of
treatments formed different Fe-Al (hydr)oxides. The authors claim that many different types of
factors influence on iron (hydr)oxides formation. Different ions concentration in solution, iron
oxidation state, concentration and oxidation rate, presence and Al concentration, pH, Eh and
temperature are the most important factors that fulfill the minerals formation. However, in
general, the presence and U concentrations did not influence in different minerals formation
when compared to control treatments. Control treatments have the same Fe:Al molar ratio of
each group of treatment though, and they were synthesized in solution without the presence of

uranium.

In treatments of 100:0 Fe:Al molar ratio, a formation of goethite was observed.

However, the goethite peaks were really short and wide, implying in poor crystallinity (Figure
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13). Barcelos (2014) and Poyares (2014) stated that in their study, the presence and
concentration of lanthanum (La) and cerium (Ce), respectively influenced on the minerals
formed. However, they used a much higher Fe:La or Fe:Ce molar ration rather the Fe:U molar
ratio used in this study. Therefore, the U concentrations were not enough to change the minerals

formation, since control diffractograms do not differ from treatments (Figures 13, 14 and 15).
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Figure 13. XRD of treatments in the presence of Fe?*. Gt -Goethite; Mt -Magnetite, Lp- Lepidocrocite, Gb —
Gibbsite. (A) Treatments of group T1 (Fe: Al = 100:0). (B) Treatments of group T2 (Fe: Al = 80:20). (C)
Treatments of group T3 (Fe: Al = 60:40)
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Figure 15. XRD of treatments only in the presence of Al. By — Bayerite; Gb — Gibbsite. Treatments of group T7
(Fe: Al=0:100).

In the presence of Fe?* and in the absence of Al, Fe:Al molar ratio of 100:0, magnetite
was mostly formed (Figure 13-A). Treatments in the presence of Fe**, with Fe: Al molar ratio
of 80:20, also formed magnetite. However, goethite is the dominate mineral (Figure 13-B).
Higher Al concentration, (Fe:Al molar ratio of 60:40), mostly formed goethite and also gibbsite

in a lesser extent (Figure 13-C).

On the other hand, treatments in the presence of Fe*, but in the absence of Al (molar
ratio of 100:0) formed only hematite (Figure 14-A). The presence of Al provoked a poorly
crystallization of Fe (hydr)oxides. X-ray diffraction patterns did not show defined peaks,
instead, it presented two broad reflections attributed to ferrihydrite formation (Figure 14-B and
C). A higher Al concentration, also promoted the formation of gibbsite and bayerite (Figure 14-
C). The presence of Al only, (Fe:Al molar ratio of 0:100) formed Al hydroxides, gibbsite and

bayerite.

According to previous treatments efficiency discussion, Al presence enhanced the
efficiency of U immobilization by Fe (hydr)oxides. Therefore, goethite and ferrihydrite were
the most efficient minerals to immobilize soluble U. Poorly crystalline minerals have a higher
superficial area than crystalline minerals, increasing adsorption capacity. On the contrary,
magnetite and gibbsite were the least efficient. They were not able to immobilize as much U as

other Fe (hydr)oxides formed.
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Magnetite formation in Fe?* treatments (Fe: Al molar ratios of 100:0 and 80:20) was
expected once these treatments were synthesized by precipitation of ferrous sulfate. They also
presented a magnetic activity and a dark color. According to Latta et al., (2014), at low U
concentrations mononuclear U*complexes are formed on magnetite surface. Such complexes
can nucleate the precipitation of uraninite (UO2) as more magnetite precipitates. This final
complex remained stable for at least 4 months, under anoxic conditions. Dodge et al., (2002)
and Scott et al., (2005) also state that magnetite can remove U*® from solution through reduction
to U™ coupled to Fe*? oxidation. However, UQ; is adsorbed in the magnetite surface and this
U phase is easily remobilized under oxidizing and even in slightly reducing conditions (Senko
et al, 2002). It explains a higher U remobilization in magnetite treatments (Fe: Al molar ratios
of 100:0 and 80:20 in the presence of Fe?*). In addition, Marshall et al., (2013) observed the
same behavior of U remobilization during oxidation process. They explain that a structure re-
orders occurs and U is likely to be expelled from the particle core. Uranium has a larger ionic
radius compared to Fe (Marshall et al., 2013). The ions U™ and U*®in octahedral coordination
have radius of 0.87 A and 1.03 A, respectively, whilst Fe*> and Fe*- in the same coordination,

have 0.785 A and 0.92 A, respectively (Shannon, 1976).

Formation of lepidocrocite and goethite (Figure 13- B and C) enhanced the uranium
incorporation. According to Dodge et al. (2002), those two minerals could immobilize all the
soluble U during iron oxides formation. Also, they claimed that U was predominantly present
in the hexavalent form when associated with the minerals, which did not remobilize under
oxidizing environments. Lepidocrocite structure was maintained after co-precipitation and
association of uranyl (UO*"). This ion is attached to goethite surfaces sites as an inner-sphere
bidentate complex during the crystallization process. Uranium may also become encapsulated
into the oxides as a microcrystalline phase (Dodge et al., 2002). Uranium incorporation
enhancement could also be related to the well-known fact that the unit cell size decreases with
the Fe isomorphic substitution by Al the goethite structure (Schulze and Schertmann, 1984).

Therefore, the specific surface area increases, and so the adsorption capacity.

Hematite formation is promoted by high Fe** concentration (Cornell& Schwertmann,
2003) (Figure 14-A). Formation process begins with ferrihydrite aggregation followed by
recrystallization within the aggregate via dissolution and reprecipitation processes (Marshall et
al., 2014). The crystallization involves a variety of processes: dehydration of the ferrihydrite

particles, deprotonation of hydroxyl groups, creation of oxy-linkages, and redistribution of
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cation vacancies. During these process, adsorbed uranium has the potential to be incorporated

into the structure of the hematite (Shaw, 2005).

The precipitation of Al hydroxides, gibbsite and bayerite did not improve the efficiency
of U immobilization. Treatments in the absence of Fe only formed these two minerals phase
(Figure 15). They were not as efficient in immobilizing soluble U as treatments in the presence
of both Fe and Al. Treatments which the Fe: Al molar ratio is 60:40 also formed these minerals,
but in a lesser amount. Cornell & Schwertmann (2003) state that in a [Al/(Al + Fe)] ratio of 0.3
and at 22 °C, goethite and gibbsite will be formed. According to Karamalidis & Dzombak
(2010), at pH 9.7 uranyl dimmers [ (UO2)2(OH),*?] can form corner-sharing complexes at the

gibbsite surface.

4.3 Uranium remobilization potential

4.3.1 Leaching test

In order to qualify the water treatment sludge (WTS) to their environmental hazards,
leaching test based on NBR 10005 Brazilian regulation was realized. Leaching concentrations

data of U, Fe and Al are described in Table 4.

All solid phase of WTS formed after U immobilization are hazardous. The concentration
of U remobilized by the extractor were always higher than the threshold values determined by
legislation, 0.02 mg L' (CONAMA, 2005). Therefore, the solid phase of WTS or precipitates
must be disposed in an appropriated mine waste storage facility. On the other hand, these data
suggest that part of U can be recovered from the WTS, once Fe and Al concentrations leached
were lower than the detection limit or really low. Consequently, the U that was a water pollutant

first will now be recovered to its enrichment.
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Table 3. Uranium, iron and aluminium concentrations in TCLP supernatant

Molar U
Treatment Ratio v Fe Al Remobilization
Fe:ALU e mg L eememeeeeeeeee %
2T1A 100:0.00:0.25 47.739 +£5.155  0.096 = 0.105 <DL 13.34
2T1B 100:0.00:0.13  26.026 +1.720 <DL <DL 14.10
2T1C 100:0.00:0.06  13.076 = 1.967 <DL <DL 15.51
2T2A 80:20:0.25 40.655 £2.455 <DL 0.186 = 0.028 8.26
2T2B 80:20:0.13 15.384 £ 0.859 <DL 0.157 £0.026 11.98
2T2C 80:20:0.06 5.332 + 1.065 <DL 0.142 £ 0.031 16.19
2T3A 60:40:0.25 29.008 + 3.387 <DL 0.169 £ 0.015 10.76
2T3B 60:40:0.13 11.118 £ 0.861 <DL 0.191 £ 0.009 12.37
2T3C 80:20:0.06 4.845 + 0.085 <DL 0.154 £ 0.008 15.62
3T1A 100:0.00:0.25 34.537 £2.079 <DL <DL 24.20
3T1B 100:0.00:0.13  17.535 £2.032 <DL <DL 26.26
3T1C 100:0.00:0.06  7.683 +0.433 <DL <DL 27.19
3T2A 80:20:0.25 20.782 £ 0.34 <DL 0.120 £ 0.012 13.78
3T2B 80:20:0.13 9.216 £ 3.579 <DL 0.184 £ 0.008 15.16
3T2C 80:20:0.06 43012 £0.221 <DL 0.137 £ 0.068 16.16
3T3A 60:40:0.25 26.983 £ 1.177 <DL 0.064 = 0.005 15.42
3T3B 60:40:0.13 13.679 £0.541 <DL 0.104 £0.029 18.55
3T3C 80:20:0.06 5.774 £ 1.530 <DL 0.134 £ 0.012 18.64
T4A 0.00:100:0.25 77.032 £4.282 <DL 0.752 £0.115 38.37
T4B 0.00:100:0.13  33.227 +4.333 <DL 0.972 £0.143 40.15
T4C 0.00:100:0.06  15.44 £ 1.770 <DL 0.905 £ 0.094 45.61

“DL = Detection Limit = (U): 0.02 mg L!; (Fe): 0.02 mg L'!; (Al): 0.05 mg L!

Data suggests that some treatments immobilize U more strongly than others, once U
concentrations values varied among the groups of treatment and among treatments (Table 3).
Treatments synthesized with a higher initial U concentration, presented higher concentrations
of soluble U in the extraction solution, which is the same pattern of U concentrations in the

immobilization period.

Surprisingly, treatments in the presence of Fe** and Al at the Fe: Al molar ratio of 80:20
(3T2A, 3T2B and 3T2C) released a lower U concentration for all treatments when compared to
all other treatment groups. Such result was not expected, once the Fe (hydr)oxide formed in
these treatments was the poorest crystalline, consequently the most instable releasing higher U

concentrations in solution, as well as iron and aluminium.
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On the contrary, T4 group released a higher U concentration for all treatments. These
data indicate that Al hydroxides were the most instable minerals and could not retain U as

expected.

4.3.2 Extraction of easily soluble uranium phase

Easily soluble U was evaluated by two consecutively water extractions. In the first
extraction, U concentrations were determined in all groups of treatments (Table 4). However,
the percentage of U remobilization was low to the most of treatments. These data suggest that
some U phases are not co-precipitate in iron and aluminium (hydr)oxides. They should be
slightly adsorbed on the minerals surfaces as in sulfate complexes sorbed onto minerals

surfaces.

Even with the formation of a well crystalline hematite, as showed in X-ray diffraction
(Figure 14 - A), this Fe oxide was not efficient to keep U stable. Regardless of the fact that U
could be incorporated in hematite structured via ferrihydrite aggregation followed by
recrystallization (Shaw, 2005), the U remobilization was higher in these treatments. Therefore,
the U association to hematite occurred in a different process, once the element was easily
extracted by water, but presented higher soluble U immobilization efficiency (Figure 6).
Consequently, hematite precipitation is the best treatment to clean uranium polluted water and

recover it from the water treatment sludge.

The association of U with lepidocrocite demonstrated to be an efficient mechanism of
immobilization, once all treatments in the presence of Fe** in the Fe:Al ratio of 80:20 presented
a lower U concentration in the first extraction. On the other hand, even enhancing the U
immobilization, Al hydroxides by itself could not efficiently adsorbed U phases. Treatments in
the absence of Fe released the second higher U concentration in solution. This data corroborates

with the XRD discussion.

The easily soluble U phases was almost all extracted with the first water extraction. In
the second extraction, most of all treatments presented U concentration lower than 1 mg L.
However, hematite treatments continued to release a considerable U concentration, values close
to the ones of other groups of treatments in the first extraction. Therefore, hematite is definitely
not an efficient mineral to maintain U incorporated. However, it is an appropriate option for U

immobilization and further recovery.
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Table 4. Concentrations and remobilization of uranium in water extractions

Molar First extraction U . Secoqd U .
Treatment Ratio Remobilization extraction Remobilization
Fe:Al:U mg L % mg L! %
2T1A 100:0.00:0.25  9.486 + 0.669 1.22 1.611 +0.754 0.20
2T1B 100:0.00:0.13  0.772 £ 0.317 0.16 0.393 +0.100 0.08
2T1C 100:0.00:0.06  0.316 +0.109 0.13 0.215 £ 0.009 0.09
2T2A 80:20:0.25 5.832+0.328 0.93 0.319 £ 0.038 0.05
2T2B 80:20:0.13 1.654 £0.019 0.51 0.223 +0.043 0.07
2T2C 80:20:0.06 0.557 £ 0.065 0.35 0.202 +0.013 0.13
2T3A 60:40:0.25 7.330 £ 0.573 1.58 0.294 +0.020 0.06
2T3B 60:40:0.13 3.569 + 0.255 1.58 0.223 £0.015 0.10
2T3C 80:20:0.06 1.247+0.273 1.10 0.193 +0.004 0.17
3T1A 100:0.00:0.25  75.996 + 1.400 23.93 8.689 £ 2.460 2.72
3T1B 100:0.00:0.13  46.180 + 6.669 27.62 3.940 + 0.625 2.36
3T1C 100:0.00:0.06  20.635 +2.209 26.03 1.638 +0.538 2.05
3T2A 80:20:0.25 7.450 +1.782 2.34 0.356 £ 0.065 0.11
3T2B 80:20:0.13 3.029 £ 0.284 1.99 0.265 +0.040 0.17
3T2C 80:20:0.06 1.715+0.173 2.19 0.218 +0.001 0.28
3T3A 60:40:0.25 8.553 £ 0.080 2.36 0.361 +0.033 0.10
3T3B 60:40:0.13 3.63+0.350 1.97 0.256 £ 0.018 0.14
3T3C 80:20:0.06 1.425+0.173 1.53 0.206 £ 0.012 0.22
T4A 0.00:100:0.25  28.202 +2.139 6.66 0.597 £0.122 0.14
T4B 0.00:100:0.13  14.198 +3.002 6.90 0.249 +0.022 0.12
T4C 0.00:100:0.06  2.075 + 1.884 2.06 0.208 £ 0.026 0.21

*Uranium detection limit of 0.019 mg L™!

4.3.3 Extractable soluble, reductive and Al associated uranium phases

In order to evaluate possible mechanisms of U recovery, samples that were extracted by

two sequential extractions with water were freeze-dried and then weighed for three different

extractions. The extraction solutions were: solutions of 0.11 mg L'! of acetic acid (CH;:COOH),

0.5 mg L' of hydroxylamine chlorate (NH,OH.HCI) and 0.5 mg L"! ammonium fluoride (NH4F)
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Table 5. Remobilization of uranium by different extractors.

U Remobilization by U Remobilization by U Remobilization by
Molar CH;COOH NH,OH.HCl1 NH4F

Treatment RatioFe:Al:U
% % %

2T1A 100:0.00:0.25 35.22 48.43 34.35
2T1B 100:0.00:0.13 34.19 41.89 34.23
2T1C 100:0.00:0.06 26.73 33.80 28.06
2T2A 80:20:0.25 37.32 70.85 63.92
2T2B 80:20:0.13 27.54 54.93 48.63
2T2C 80:20:0.06 18.28 38.05 31.86
2T3A 60:40:0.25 37.32 93.23 73.61
2T3B 60:40:0.13 30.03 91.38 61.94
2T3C 60:40:0.06 25.09 86.62 56.14
3T1A 100:0.00:0.25 43.99 61.01 60.18
3T1B 100:0.00:0.13 36.62 53.25 51.16
3T1C 100:0.00:0.06 44.80 62.37 65.08
3T2A 80:20:0.25 73.21 47.07 71.69
3T2B 80:20:0.13 75.13 40.78 74.09
3T2C 80:20:0.06 69.53 32.80 70.00
3T3A 60:40:0.25 81.83 51.83 56.81
3T3B 60:40:0.13 78.65 75.96 50.04
3T3C 60:40:0.06 73.69 45.27 39.29
T4A 0.00:100:0.25 81.55 100.00 100.00
T4B 0.00:100:0.13 71.68 1000.00 100.00
T4C 0.00:100:0.06 66.43 97.33 93.09

The soluble uranium phases were extracted by CH3COOH and treatments in the
presence of Fe?* are more stable, by Tukey test (p > 0.5) (appendix Table A.11). U
remobilization in those treatments was lower compared to Fe** treatments and the ones only in
the presence of Al (Table 5). Treatments 3T1, in the presence of Fe** only, differ (p > 0.5) from
treatments 3T2 and 3T3, which are in the presence of Fe** and Al. Mineralogical phases are
different among those treatments and hematite. After water extraction, they showed to be more
stable than ferrihydrite, which is poorly crystalline. Therefore, U associated to ferrihydrite and
also to gibbsite is probably weakly adsorbed on the minerals surface and U associated to

hematite, goethite and magnetite is by adsorption and probably also by co-precipitation.

Extraction by NH,OH.HCI corroborates with the hypotheses of U co-precipitation. This
extraction reduces Fe (hydr)oxides liberating U that was bonded to the Fe**. The remobilization

29



of U was higher in this extraction compared to extraction by CH3COOH in all treatments, except
in treatments 3T2 and 3T3 (Table 5). Uranium remobilization in treatment 2T1 was not
expressive once magnetite (Fe3O») is the main mineralogical phase in this solid phase and
already has iron its structure Fe**. Consequently, U is probably bounded to Fe’*in magnetite.
The presence of Al in the Fe?* treatments improved iron oxidation. Therefore, treatments in the
presence of Fe** and high Al concentration (Fe: Al molar ratio of 60:40) significantly differ
from the others (p > 0.05). Remobilization around 90% in treatments 2T3 explains a high
efficiency in immobilizing U by co-precipitation with goethite and the solid phase stability
(Table 5). Treatments only in the presence of Al presented an elevated U remobilization but it

is probably related to the low pH (4.2) of the extraction solution.

In order to analyze U bonded to Al (hydr)oxides, NH4+F was used as an extractor. Acid
pH of the extraction solution remobilizes U form treatments in the absence of Al as well.
However, the difference among treatments with and without Al is clear (p > 0.5) (Table 5).
Therefore, U is also associated to Al, which reinforces the efficiency of Fe-Al (hydr)oxides and

not only Fe (hydr)oxides in U immobilization.

Data of U remobilization (Table 5) suggest that any of the extractors can be used to
recover U from the solid phase produced by the sulfate-rich water treatment. Thus, water
treatment was only effective to immobilize U and not to produce a stable water treatment
sludge. This result demonstrated a sustainable mechanism to treat and then recover U for

€conomic use.
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5. Conclusions

1. Treatments with iron and aluminium (hydr)oxides precipitation were efficient to clean
uranium contaminated water to values below the thresholds stablished by legislation,
but only within 24 hours after precipitation.

2. Treatment 2T3C, in the presence of Fe?* and Fe:Al:U molar ratio of 60:40:0.06 was the
most efficient indicating that U immobilization is enhanced with Fe isomorphic
substitution by Al.

3. Al improved U immobilization in all treatments compared to the ones without the
element by the precipitation of Fe (hydr)oxides. Nevertheless, the efficiency of the
treatments depends on the U initial concentration.

4. The oxidation of Fe**to Fe** did not improve U immobilization. Treatments synthesized
with Fe** were more efficient.

5. Precipitation of goethite, ferrihydrite and at lesser extent lepidocrocite enhances U
immobilization rather than magnetite and gibbsite.

6. Hematite could not keep U stable in the water treatment sludge, even though efficient
treatments in immobilizing soluble were high. However, it is an ideal treatment in order
to recover U from the mud produced the water treatment.

7. Uranium associated with gibbsite demonstrated to be a less stable mineral phase.

8. Incubation period of 3 weeks is the most appropriated for contaminated water treatment
and U recovery.

9. Uranium recovery can be done by extraction with acetic acid, hydroxylamine chlorate

or ammonium fluoride.
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TableA.1. Uranium concentration during incubation period from time zero to 35" day.

Molar Initial
Treatment Ratio U 2h 24h 3 day 7 day 14t day 21% day 28" day 35thday
Fe:Al conc.
mg L!

2T1A 100:0 80  0.019+0.008 <DL 39.334+7.794 0.317+0.165 1.005+0.645 0.940+0.336 2.908 +0.659 5.057 £0.776
2TIB 100:0 40 0.075+0.077 <DL 16.194+0.118 0.680+0.612 0.282+0.259 0.469+0.778  0.527 £0.136 2.350 £ 0.814
2T1C 100:0 20 <DL* <DL 2.359+1213  1.475+0.492 <DL <DL 0.12 +0.044 0.133 +0.020
2T2A 80:20 80 <DL <DL 0.042+0.01  26.566 +5.503 <DL <DL 0.542 +0.099 1.224 +0.460
2T2B 80:20 40  0.014+0.018 <DL <DL 11.260 +0.726 <DL <DL 0.095 +0.023 0.025 + 0.004
2T2C 80:20 20 <DL <DL <DL 2.269 +0.758 <DL <DL <DL <DL
2T3A 60:40 80 0.033+0.000 <DL  0.047+0.006 0.776 +0.127 <DL <DL 0.242 +0.030 0.482 +0.026
2T3B 60:40 40 0.013 £0.007 <DL <DL <DL <DL <DL 0.048 +0.001 <DL
2T3C 60:40 20 <DL <DL <DL <DL <DL <DL <DL <DL
3T1A 100:0 80 <DL <DL <DL <DL 0.145+0.010 0.389+0.025 0.941 +0.168 1.77 £0.332
3TIB 100:0 40 <DL <DL <DL <DL <DL <DL 0.276 + 0.037 0.328 +0.020
3TIC 100:0 20 <DL <DL <DL <DL <DL <DL 0.140 + 0.021 0.089 + 0.046
3T2A 80:20 80 <DL <DL <DL <DL 0.061 £0.017 0.132+0.016  0.611 +0.233 0.726 + 0.044
3T2B 80:20 40 <DL <DL <DL <DL <DL 0.056 £0.038  0.293 +0.039 0.367 + 0.134
3T2C 80:20 20 <DL <DL <DL <DL <DL <DL 0.090 + 0.028 <DL
3T3A 60:40 80 <DL <DL <DL 0.013+0.002 0.156+0.001 0.254+0.036  0.783 +0.110 1.248 £0.276
3T3B 60:40 40 <DL <DL <DL <DL <DL 0.062+0.015  0.358 +0.127 0.487 £ 0.035
3T3C 60:40 20 <DL <DL <DL <DL <DL <DL 0.105 +0.017 <DL
T4A 0:100 80 <DL <DL 0.099+0.002 0.37+0.104 0.545+0.0531 1.113+0.172  1.488 +£0.287 1.727 £0.120
T4B 0:100 40 <DL <DL <DL 0.232+0.051  0.234+0.171  0.222+0.027  0.545+0.123 0.676 +0.178
T4C 0:100 20 <DL <DL <DL <DL <DL <DL 0.294 +0.035 0.204 + 0.063

“DL = Detection limit = 0.009 mg L!
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Table A.2. Uranium concentration during incubation period from 42 day to 84" day.

Molar 1 itial U
Treatment Ratio conc. 42" day 49" day 56™ day 63" day 70™ day 77" day 84" day
Fe:Al
mg L! -

2T1A 100:0 80 10.654 £ 3.416 1429 +£1.869  20.698 £3.163 25.793 £4.861 27.94+8.237 26.674 £9.521 29.234 £ 0.676
2T1B 100:0 40 2.003 £0.668 3.647 £1.370 5.172 £ 1.895 5.936 +£1.827 7.612 £2.085 6.328 £1.573 8.700 £ 0.753
2T1C 100:0 20 0.382+ 0.044 0.634 £0.016 0.838 £ 0.006 1.293 £0.152  2.779+£1.024  2.011 £0.050 1.980 £ 0.101
2T2A 80:20 80 3.087 £0.779 4763 £0.518 6.686 +0.743 7.778 £1.097 11.261 £0.550 11.098 +0.208 11.092 £ 0.101
2T2B 80:20 40 0.416 £ 0.056 0913 £0.177 1.671 £ 0.537 1.884 + 0.465 3.209 £ 0.942 3.388 £ 1.155 2.704 £ 0.125
2T2C 80:20 20 <DL* <DL 0.065 £0.013 0.395 £0.039 0.854 £0.118 0.916 £0.152 0.879 £0.044
2T3A 60:40 80 1.129 £ 0.040 1.866 £ 0.170 1.981 £ 0.590 3.586 £0.658  4.266 +0.486  4.487 +0.494 4.563 +£0.428
2T3B 60:40 40 0.146 £ 0.042 0.404 £ 0.267 0.738 £0.112 1.201 £0.421 1.84 +£0.287 1.855 £0.195 2.029 £0.019
2T3C 60:40 20 <DL <DL <DL 0.498 £0.172 0.714 £0.074 0.703 £0.079 0.719 £ 0.086
3T1A 100:0 80 3.716 £ 0.390 4.627 £0.136 5.559 £0.841 8.870 £ 1.798 9.091 £1.376  10.555 £ 1.805 11.597 £ 0.621
3TI1B 100:0 40 1.237 £0.104 1.546 £0.171 1.948 £ 0.283 3.535+0.185 3.862 £0.703 4.549 £ 1.001 3.967 £0.452
3T1C 100:0 20 0.648 £0.122 0.52 £0.126 0.707 £0.077 1.690 £ 0.160 1.832 £0.376  2.154 £ 0.545 1.795 £0.045
3T2A 80:20 80 2.155 £0.396 2.318 £0.710 2.895 £ 0.404 4.118 £0.357 4.34 + 0.961 4.624 +0.754 4.076 = 0.360
3T2B 80:20 40 0.943 £0.040 0.861 £0.102 1.448 £0.124 1.968 £ 0.255 2.020£0.272 2.090 £ 0.404 2.090 = 0.360
3T2C 80:20 20 0.351 £0.038 0.033+£0.005 0.657 +£0.002 0.830 £0.119 0.860 £0.176 0.845 £0.100 0.833 £0.056
3T3A 60:40 80 2.671 £0.186 2.82 £0.074 3.685 £0.260 5.077 £0.632  4.845+0.507 4.982 +0.442 5.687 £0.298
3T3B 60:40 40 1.087 £ 0.259 1.007 £ 0.286 1.731 £0.301 1.968 £+0.210  2.287 £0.458 2.307 £0.374 2.357 £0.021
3T3C 60:40 20 0.392 £0.033 0.137 £0.050 0.695 £0.043 0.898 £0.071 0.918 £0.067 0.905 £0.088 0.874 £0.044
T4A 0:100 80 3.898 £0.180 4.878 +£0.330 4749 £ 0.168 7.496 £0.618 7.696 £ 0.682 8.790 + 0.945 8.800 £ 0.260
T4B 0:100 40 1.652 £ 0.288 1.807 £0.441 2.508 £ 0.363 3.345 £ 0.677 3.473 +£0.439 3.626 +£ 0.392 3.791 £0.118
T4C 0:100 20 0.605 £0.217 0.533 £0.067 0.947 +£0.230 1.429 +0.221 1.387 £0.262 1.376 £ 0.223 1.377 £0.032

“DL = Detection limit = 0.009 mg.L!
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Table A.3. Eh during incubation period from 1* day to 35" day.

Molar . a1 U
Treatment  Ratio 1% day 3 day 7 day 14t day 21% day 28" day 35thday
Fe:Al conc.
mg L1

2T1A 100:0 80 -46.00 £51.16 9533 +74.33 13333 +£61.44  53.33+40.92 7.33 £24.01 35.00 + 134.58  103.66 + 33.55
2TIB 100:0 40 -29.67 £54.00 5533 +146.03 12233 £67.04  3133+2346  2733+2631  50.00+117.84  106.67 +19.73
2TIC 100:0 20 -12.67 £23.71 7533 +125.88 168.67 +14.50  27.67 +39.50 28.33 + 6.81 5733411021  90.00 + 16.52
2T2A 80:20 80 -15.67 £ 19.55 40.67 +25.71 131.67 £5.13 40.33 + 14.22 32.6+32.537  77.67+96.57 77.00 + 17.06
2T2B 80:20 40 -10.00 +2326 54.00 +20.07 127.67 +35.92 52.67+12.66  35.667+1893  77.00 +98.74 79.33 £ 12.86
212C 80:20 20 -8.00 + 15.72 53.67 + 18.50 113.00 +28.84  54.00 + 14.73 35.67+12.74  77.67+98.74 80.67 +9.86
2T3A 60:40 80 -4.33 + 38.50 5.67 +33.08 116.67+11.02  4033+24.37  41.67+1447  78.67+97.50 73.33 £ 10.02
2T3B 60:40 40 4.67 +28.02 4.67 +22.30 112.33 £11.06 3333 £3.21 42.67+1528  79.00 +82.61 57.00 +9.54
213C 60:40 20 -14.00 + 13.75 5.67 +29.54 110.67 + 19.55 38.00 + 4.58 46.00 +11.53 89.33 + 77.70 65.00 +7.81
3TIA 100:0 80 46.33 +10.21 34.67 £26.10 31.33 +28.29 29.67 +11.37 39.67 + 11.02 74.33 + 62.40 60.33 + 10.69
3TIB 100:0 40 48.00 +9.54 4733 +23.75 25.67 £25.11 33.33 £10.26 3633+ 1234 76.33 +62.40 53.67 £29.26
3T1C 100:0 20 57.33 + 12.86 58.33 +37.87 31.67 + 12.50 39.00 + 9.64 46.00+10.58  70.00 + 53.01 55.67 +25.93
3T2A 80:20 80 53.00 + 16.82 64.67 4271 28.33 +15.82 38.33 £8.32 58.33+£22.19  73.33+£49.66 58.33 +£22.03
3T2B 80:20 40 51.33 +16.82 61.00 + 45.31 24.00 + 11.27 43.00 + 13.08 80.33 +34.24 76.67 + 46.48 56.33 +26.50
3T2C 80:20 20 49.33 +31.72 55.00 + 61.65 23.00 + 22.00 4533+14.36  65.00+2227  73.67 +41.02 56.33 +25.89
3T3A 60:40 80 75.67 + 48.81 30.67 + 84.68 26.00 £ 11.14 47.67+21.50  66.00+18.68  78.67 £42.72 57.67 +30.62
3T3B 60:40 40 112.67 £24.01  92.67 +132.08 27.00 + 14.73 52.00 + 18.35 70.00 £ 19.08  77.00 + 42.33 58.67 £26.76
3T3C 60:40 20 101.67 + 15.95 83.00 + 97.04 28.33 +11.68 53.67 £ 15.70 67.33 £21.55 75.67 +42.72 60.67 +26.41
T4A 0:100 80 96.67 + 63.69 93.00 + 97.02 47.33 +12.66 62.00 £ 19.29 77.00 £ 19.29 90.67 + 39.25 70.00 + 28.35
T4B 0:100 40 78.00 + 62.39 101.00 + 85.75 56.33 + 13.65 66.00 + 19.08 82.33+£23.69  96.33 +37.45 73.00 + 27.49
T4C 0:100 20 86.00 + 66.09 95.67 +85.17 56.67 + 8.96 64.33 +15.95 80.67 2397  96.33+38.42 72.33 +27.93
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Table A.4. Eh during incubation period from 42 day to 84™ day.

Molar s ial U
Treatment  Ratio conc. 42" day 49" day 56" day 63" day 70™ day 77" day 84" day
Fe:Al
mg L1

2TIA 100:0 80 49.67 £32.15 36.67 £ 99.01 112.50 £62.93  145.67+4933  170.00+18.52 174.33+11.59  171.00 +35.34
2TIB 100:0 40 11.33+23.71 45.67 + 83.24 109.00 £29.70  118.67+65.58 16533 +14.01  165.67 +8.74 183.33 +35.73
2TIC 100:0 20 12.00 +1.73 45.67 +74.90 107.50 £23.33  108.00 + 59.73 156.67 £8.96  153.00 +13.23 186.67 + 36.35
2T2A 80:20 80 2.33 +22.85 49.67 + 62.42 99.00 + 16.97 110.33 +50.46 149.00 +6.08  148.67 +13.65  179.00 + 44.80
2T2B 80:20 40 10.67 £23.12  47.67 £65.90 96.00 + 14.14 108.67 + 46.31 146.00 £5.57  144.67+11.67  178.67 +44.43
212C 80:20 20 14.67 2250  48.00 +63.17 92.00 + 7.07 105.00 £51.39  142.67£10.69  141.67+12.06  170.67 +43.39
2T3A 60:40 80 23.00+14.80  58.67 £52.20 92.00 + 16.97 107.00 + 49.79 143.67+£7.09  136.33+16.01  184.67 +50.52
2T3B 60:40 40 12.33 £ 12.01 58.67 +47.16 84.50+20.351  105.00 +45.74 14033 +7.51  131.67+17.79  183.67 £50.06
2T3C 60:40 20 18.00 £20.00  60.00 + 42.04 83.50 + 24.75 96.00 + 46.16 140.33+7.51  130.33+22.05  184.00 +49.96
3T1A 100:0 80 1233 £16.65  43.67 +41.88 72.00 + 25.46 87.33 +40.70 130.33+6.66 10633 +21.39  169.67 +57.71
3T1B 100:0 40 20.00 £ 15.13  44.33 +40.08 70.00 + 21.21 85.33 +38.84 12633 £6.66  103.00+£22.00  178.00 + 64.37
3TIC 100:0 20 23.67 + 14.19 48.00 + 39.36 68.00 + 24.04 84.67 +37.07 125.00 + 4.36 99.67 +23.03 177.00 + 64.78
3T2A 80:20 80 29.67 +16.17 70.33 £51.33 67.50+21.92 85.00 + 33.87 115.00 £ 10.58  97.33 +20.84 179.67 + 67.65
3T2B 80:20 40 31.00 £ 12.53 68.67 £51.39 72.5 +27.58 83.67 +30.44 115.33 £9.07 93.67 + 19.86 174.67 +65.12
3T2C 80:20 20 3333£10.69  70.33 £49.74 72.00 + 28.28 81.00 + 31.00 11733 £8.50  93.33 +£20.03 178.33 + 66.98
3T3A 60:40 80 34.33 £ 10.97 71.00 £51.26 41.00 +72.12 67.67 +53.80 116.00 £8.54  92.67 +20.31 176.33 +68.19
3T3B 60:40 40 36.00 + 18.74 76.00 + 54.51 56.50 + 51.62 71.67 + 46.80 116.67 +7.57 92.00 +22.72 181.67 +61.92
3T3C 60:40 20 35.67 £20.82  76.67 +55.03 59.00 + 45.25 74.00 + 42.93 117.33 + 6.43 90.67 + 21.36 176.00 + 68.79
T4A 0:100 80 38.33 £32.75 84.33 +53.08 70.00 + 41.01 88.67 +29.50 123.00 +5.57 95.33 +30.98 184.67 £57.18
T4B 0:100 40 43.00 +31.58 86.33 + 53.63 72.00 + 38.18 84.67 +41.43 122.67 £8.51 97.67 + 19.86 182.67 +59.34
T4C 0:100 20 37.67 +36.47 88.00 + 52.26 71.00 £ 37.20 91.33 £28.22 123.33 £3.79 97.00 + 20.95 184.67 +£59.18
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Tables of ANOVA factorial between all treatment effects (uranium initial concentration, Fe: Al
molar ratio and Fe valence state) and the depended variables (U immobilization efficiency, U
remobilization of leaching test, U remobilization of water extraction, U remobilization of acetic
acid extraction, U remobilization of hydroxylamine chloride extraction and U remobilization
of ammonium fluoride extraction). Tukey test Tables between treatments (interaction of all

effects) and the depended variables.

Table A.5. ANOVA between efficiency and effects
Effect DF* SS MS F P

2 5134 256.7 47.9 0.000000**

3 1648.6  549.5 102.5 0.000000**

1 248.9 248.9 46.4 0.000000%**
U*Fe:Al 6 3144 52.4 9.8 0.000001**

2

3

6

U initial concentration or [U]
Fe:Al

Fe Valence

U* Fe Valence 192.9 96.5 18.0 0.000001**
Fe:Al* Fe Valence 507.9 169.3 31.6 0.000000**

U*Fe:Al* Fe Valence 308.1 51.3 9.6 0.000001*3*
Error 48 257.3 5.4
Total 71 3991.3

*DF = Degree of freedom; ** p significant value <0.05

Table A.6. ANOVA between leaching test and effects
Effect DF SS MS F p
2 498.54 249.27  29.847 0.000000%**
3 8531.52 2843.84 340.519  0.000000%*
1 39343 39343  47.109  0.000000%**
U*Fe:Al 6 113.29 18.88 2.261 0.053072
2
3
6

U initial concentration or [U]
Fe:Al

Fe Valence

U* Fe Valence 36.56 18.28 2.189 0.123078
Fe:Al* Fe Valence 242.26 80.75 9.670 0.000042%*
U*Fe:Al* Fe Valence 24.50 4.08 0.489 0.813315
Error 48 400.87 8.35

Total 71  10240.99
*DF = Degree of freedom;** p significant value <0.05
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Table A.7. Tukey between leaching test and treatments

Treatment Tukey Treatment Tukey Treatment Tukey Treatment Tukey

T4C a 3TIA def 2T3C gh 2T2A h
T4B ab 2T1C defg 2T1B gh
T4A bc 3T3C efg 3T3A gh
3T1C cd 3T3B efg 2TIA gh
3T1B cde 3T2B efg 3T2A gh
2T2C fgh 2T3B ch
3T2C fgh 2T2B gh
2T3A gh

Table A.8. ANOVA between water extraction and effects
Effect DF SS MS F p

U initial concentration or [U] 2 28.922 14.461 11.174  0.000104**
Fe:Al 3 2141.262 713.754 551.549  0.000000%**
Fe Valence 1 1069.607 1069.607 826.532  0.000000%**
U*Fe:Al 6 46.713 7.785 6.016 0.000095**
U* Fe Valence 2 4.098 2.049 1.583 0.215838
Fe:Al* Fe Valence 3 2613.762 871.254 673.256  0.000000%**
U*Fe:Al* Fe Valence 6 14.100 2.350 1.816 0.115842
Error 48  62.116 1.294
Total 71 5980.580
*DF = Degree of freedom; ** p significant value<0.05
Table A.9. Tukey between water extraction and treatments
Treatment Tukey Treatment Tukey Treatment Tukey
3T1B a T4A c 2T3B c
3TIA a 3T3C c 2T3C c
3T1C a 3T2A c 2T3A c
T4B b 3T2C c 2T2C c
T4C b 3T2B c 2T2B c
3T3B C 2T2A c
2T1C C 2T1B c
3T3A c 2T1A c
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Table A.10. ANOVA between acetic acid extraction and effects

Effect DF SS MS F P
U initial concentration or [U] 2 1238.9 619.5 7.690 0.001268%**
Fe:Al 3 12161.0  4053.7 50.319  0.000000%**
Fe Valence 1 11684.4  11684.4 145.042  0.000000%*%*
U*Fe:Al 6 243.4 40.6 0.504 0.802528
U* Fe Valence 2 161.0 80.5 0.999 0.375688
Fe:Al* Fe Valence 3 7864.7 2621.6  32.542  0.000000%**
U*Fe:Al* Fe Valence 6 234.5 39.1 0.485 0.816114
Error 48 3866.8 80.6
Total 71 37454.8
*DF = Degree of freedom; ** p significant value <0.05
Table A.11. Tukey test between acetic acid extraction and treatments
Treatment Tukey Treatment Tukey Treatment Tukey

3T3C a T4B ab 2T1C c

T4C a 3T2A ab 2T1B c

3T3B a T4A ab 2T3B c

3T2B a 3T1A bc 2T2B c

3T3A a 3TIC bc 2T1A c

3T2C a 2T3C c 2T3A c

2T2C c 2T2A c
3T1B c

Table A.12. ANOVA between hydroxylamine chloride extraction and effects

Effect DF SS MS F p
U initial concentration or [U] 2 2535.6 1267.8 7.037 0.002090**
Fe:Al 3 40205.6 134019 74.384 0.000000%*
Fe Valence 1 986.3 986.3 5.474 0.023504**
U*Fe:Al 6 1675.1 279.2 1.550 0.182613
U* Fe Valence 2 297.3 148.7 0.825 0.444304
Fe:Al* Fe Valence 3 6143.4 20478 11.366 0.000009**
U*Fe:Al* Fe Valence 6 910.8 151.8 0.843 0.543507
Error 48  8648.3 180.2
Total 71  61402.5

*DF = Degree of freedom; ** p significant value <0.05
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Table A.13. Tukey between hydroxylamine chloride extraction and treatments

Treatment Tukey Treatment Tukey Treatment Tukey
T4C a 2T3A abcd 2T1C def
T4B ab 3T3B bede 3T2C def
T4A ab 2T2C bedef 3T3A def
2T3C abc 2T1A bedef 2T1B ef
2T3B abc 3T1C bedef 3T2B ef

2T2B cdef 2T2A ef
3T1B cdef 2T1A ef
3T3C cdef 3T2A f

Table A.14. ANOVA between ammonium fluoride extraction and effects

Effect DF SS MS F p

U initial concentration or [U] 2 26927 13463  21.438 0.000000%*
Fe:Al 3 36846.2 12282.1 195.568 0.000000%*
Fe Valence 1 1394.1  1394.1 22.199 0.000021%**
U*Fe:Al 6 1001.9 167.0 2.659 0.026191**
U* Fe Valence 2 335.5 167.7 2.671 0.079457
Fe:Al* Fe Valence 3 53732 1791.1 28.519 0.000000%*
U*Fe:Al* Fe Valence 6 690.7 115.1 1.833 0.112453

Error
Total

48 3014.5 62.8
71 51348.8

*DF = Degree of freedom; ** p significant value<0.05

Table A.15. Tukey between ammonium fluoride extraction and treatments

Treatment Tukey Treatment Tukey Treatment Tukey
T4C a 3T1A cd 2T2B defgh
T4B a 2T2C cde 3T3A efgh
T4A ab 2T3B cde 2T1C fgh
3T2B be 3TIC cde 2T1B fgh
2T3C be 3T3C cdef 2T2A gh
3T2C bed 2T3A cdefg 2T1A h
3T2A bed 3T1B cdefgh

3T3B cdefgh
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