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ABSTRACT

Biosorption-based technologies have been proposed for the removal of radionuclides from radioactive liquid waste containing organic compounds. Nevertheless,
pytoremediation potential of uranium (U) by nonliving aquatic macrophytes Lemna sp. and Pistia stratiotes has not been previously addressed. In this study, uranium
biosorption capacity by Pistia stratiotes and Lemna sp. was evaluated by equilibrium and kinetics experiments. The biomasses were added to synthetic and real waste
solutions. The assays were tested in polypropylene vials containing 10 mL of uranium nitrate solution and 0.20 g of biomass. Solutions ranging from 0.25 to
84.03 mmol 1~ ! were employed for the assessment of uranium concentration in each macrophyte. The equilibrium time was 1 h for both macrophytes. Lemna sp.
achieved the highest sorption capacity with the use of the synthetic solution, which was 0.68 mmol g~ ! for the macrophyte. Since Lemna sp. exhibit a much higher
adsorption capacity, only this biomass was exposed to the actual waste solution, being able to adsorb 9.24 x 10" >mmol g~ ! U (total). The results show that these

materials are potentially applicable to the treatment of liquid radioactive waste.

1. Introduction

The techniques most used in the nuclear industry to treat radio-
active liquid waste (RLW) are incineration, evaporation, and chemical
precipitation. All these techniques have advantages and disadvantages,
but in general, are expensive and unfeasible for the low volume of
radioactive liquid waste. Consequently, alternative processes have been
studied to treat these solutions.

In the last decades, biosorption has been studied as an alternative in
removing radionuclides in Intermediate-Level Long-Lived Waste (ILW-
LL), since this process has low cost, do not require high technology, and
have a wide range of materials to be used (Volesky, 2003). Many stu-
dies reported the biosorption ability of different biomasses to remove
radionuclides from solutions, such as banana peels (Oyewo et al.,
2016), coconut fiber (Ferreira et al., 2018), Padina sp. algae (Khani,
2011) and Catenellarepens, red algae (Bhat et al., 2008), among others.

A good biosorbent has some characteristics, such as efficient and
rapid sorption/desorption of the metal, high selectivity, reusability, and
easy separation from solutions (Volesky, 1987). Macrophytes have all
these characteristics. They are aquatic species that have been demon-
strated as a material with a capacity of adsorbing heavy metals in ef-
fluents (Khosravi et al., 2005) and the potential to remove radio-
nuclides from liquid ILW-LL. They inhabit diverse environments
ranging from lakes, waterfalls, swamps, dams, basins and even salty
environments such as coral reefs. The same species of macrophytes are
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found inhabiting various environments and their versatility is such that
they resist long periods of drought. This demonstrates that these ma-
terials can be easily found and extracted from nature because of their
versatility and adaptation to the most diverse climates and conditions.
Moreover, these materials can be cultivated intensively and with low
cost; coupled with their high capacity in the retention of heavy metal
ions. In this context, macrophytes can become an efficient and attrac-
tive means of treatment of radioactive waste.

Pistia stratiotes L. is a floating aquatic macrophyte that proliferates
in tropical aquatic ecosystems. This plant species is found on the north,
northern, center-west, south, and southeast regions of Brazil and it
develops on all kinds of freshwater: pure, polluted, muddy or stagnant
(Forzaa, 2010; Cancian et al., 2009). Lemna spp. are also floating
aquatic macrophytes that inhabit the most diverse places such as rivers,
lakes and even cities, with a vegetative development in which one plant
gives origin to another, facilitating their multiplication. The amount of
this plant can double in up to a week. Lemna sp. has been used to feed
animals such as cattle, poultry, and pigs with favorable results
(Skillicorn et al., 1993). According to Tavares (2004), the introduction
of Lemna sp. in tilapia feeding showed satisfactory results in relation to
their weight gain, indicating that they can be used as a food source.

Both plants can be useful for treating radioactive liquid wastes be-
cause they are easily acquired due to their natural abundance and have
a high growth rate that easily enables sustainable use. In literature,
there are several studies on the use of aquatic macrophytes in the
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removal of heavy metals. These studies demonstrated high efficiency in
the removal of metal(loid)s ions, such as gold (Umali et al., 2006);
cadmium (Maine et al., 2001); uranium and arsenic (Mkandawire et al.,
2004; Mkandawire, 2005); chromium (III) and chromium (IV)
(Elangovan et al., 2008), and nickel (Kara 2012).

According to Sheppard et al. (2005), risks of radionuclides are
usually evaluated by the total radiological dose rate to target organ-
isms. For uranium, the isotopic composition is crucial for determining if
the risk is greater from a chemical or radiological point of view.
Sheppard et al. (2005) found that uranium intake may interfere in
growth and development rates of living organisms, as well as other
issues, such as renal damage.

Different investigations are reported in the literature, in which the
biosorption process was applied to remove uranium in aqueous ma-
trices. Sar and D'Souza (2001) studied uranium uptake of live and
lyophilized Pseudomonas cells. Uranium binding reached > 90% sorp-
tion efficiency in only 10 min of contact and the equilibrium was ac-
complished after 60 min. It is worth observing that lyophilized Pseu-
domonas exhibited a higher metal loading compared to the living
organisms, 541 versus 410mg g~ !, respectively. Wang et al. (2010)
employed Rhizopus arrihizus to remove uranium. The results indicated
that R. arrihizus is able to grow in the presence of high uranium con-
centration (200mgL ™) and presented a maximum biosorption capa-
city of 112mg g~ " in optimum conditions. A recent review of the lit-
erature on this topic (Gok et al., 2017) found that raw and modified
brown macroalgae Cystoseria sp. are able to remove uranium from
aqueous solutions. The modified biomass presented higher uranium
uptake values. According to their biosorption model, the maximum
biosorption capacity of this biomass is 468.01 mgg~'. Bagda et al.
(2017) investigated the biosorption of uranium by the green algae
Cladophora hutchinsiae. Under optimal batch conditions (pH: 5, bio-
sorbent concentration: 12gL_1, contact time: 60 min, temperature:
20 °C), the biosorption capacity was 152 mg g~ '. More recent evidence
(Bagda et al., 2018) highlights that the macrofungus Russula sanguinea
is capable of removing 174 mg g~ of uranium at pH 5 and 20 °C. The
cycling test indicated that this biosorbent presents a good sorption/
desorption performance. The biosorption processes have demonstrated
similar sorption capacities when compared to other sorbents. For in-
stance, Saleh et al. (2017) evaluated polyethyleneimine modified acti-
vated carbon/Fe to remove uranium from aqueous solution. The max-
imum adsorption capacity achieved was 115mgg~! under optimized
conditions. This value is close to those measured by the references cited
herein.

The objective of this work was to evaluate the biosorption capacity
of aquatic macrophytes Pistia stratiotes and Lemna sp. when exposed to
different concentrations of uranium in solution. As far as we know, the
aquatic macrophytes employed in this work have not been previously
investigated regarding their ability to reduce uranium in synthetic so-
lutions, as well as Lemna sp.‘s ability to reduce this radionuclide in real
radioactive liquid waste. Furthermore, sorption kinetic models have not
been proposed for uranium biosorption using these biomaterials.

2. Materials and methods

The methodology adopted in this study was divided into two steps:
i) preparation and characterization of the biomasses and ii) biosorption
assays.

2.1. Biomass

The macrophytes Pistia stratiotes and Lemna sp. were provided by
Universidade Estadual do Oeste do Parana (UNIOESTE). Both bio-
masses were washed and dried (Fanem, Brazil) to constant mass at 60 °C
for 24 h, triturated (Arno, Brazil), sieved (Telastem, Brazil), and sepa-
rated to obtain particle sizes between 0.297 mm and 0.125 mm. These
particle sizes were chosen in view of the good results obtained by
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Ferreira et al. (2018). Following this, the biomasses were sterilized by
ultraviolet (UV) radiation (Hexiclean, China) for 30 min to prevent
deterioration by fungal or bacterial proliferation, and finally stored for
later use.

2.2. Preparation of synthetic solution

The uranium solutions were prepared by dissolving uranium nitrate
(Merck, Brazil) in distillate water with previously adjusted pH. The pH
adjustments were made adding nitric acid (Merck, Brazil) and sodium
hydroxide (Merck, Brazil) into solution. The solution pH was fixed at 4
because it is a common pH to be found in the radioactive wastes at the
Radioactive Waste Management of IPEN-CNEN/SP. There are also
evidence in the literature that this pH favors uranium biosorption, since
at this pH uranium uptake was higher. Some studies indicate that this
occurs due to the speciation of uranium in water (Yang and Volesky,
1999). Exploratory tests were made with pH 2.17, which is the value of
the real liquid waste. As the results were unsatisfactory, tests were
made with pH 4 (based on the literature) resulting in higher sorption
capacity.

2.3. Physical characterization

The parameters evaluated in the physical characterization of bio-
mass were the morphological characteristics of macrophytes, real and
apparent density, specific surface area, and analysis of atomic absorp-
tion spectroscopy (AAS) in the infrared region with Fourier transform.

The morphological characteristics of the crude biomasses were
analyzed using scanning electron microscopy (SEM) by microscope
(Philips, Netherlands). The macrophytes were oven dried for 24 hat
80°C, and thereafter the samples were coated with a thin, electric
conductive gold film. The real biomass density was obtained using the
helium gas pycnometry technique (Vilar et al., 2007) (Micromeritcs,
USA). According to Lima and Marshall (2005), the apparent density of
the macrophytes was determined by means of the relationship between
mass and volume. The specific surface area was determined according
to the Brunauer, Emmet, and Teller (B.E.T) method (Micromeritcs,
USA) reported by (Ren et al., 2009). This method is based on the ni-
trogen adsorption—desorption isotherms at 77 K (Brunauer et al., 1938;
Danish et al., 2012). Fourier Transform Infrared Spectroscopy (FTIR)
identified the functional groups present in the macrophyte structure.
Analyzes were performed on a spectrometer (Perkin Elmer, USA) with
an ATR germanium crystal. The spectrum was analyzed in the region of
600-4000 cm ™ 1.

2.4. Biosorption experiments

The kinetics and equilibrium biosorption experiments were con-
ducted in a batch system. All experiments were performed in triplicate
for each of the macrophytes. Exact 0.2 g of biomass was put into contact
with 10 mL of solution. The kinetics biosorption studies were carried
out with synthetic solutions with an initial uranium concentration of
0.63mmol L~ '. The equilibrium experiments were performed with
synthetic solutions at different initial concentration ranged from 0.25 to
84 mmol L.™'. Assays were also made with real liquid radioactive waste
(LRW), which presents a uranium concentration of 0.25 mmol L™1, but
only with the use of the Lemna sp. as adsorbent material. The other
experimental conditions were the same for the kinetic and equilibrium
experiments.

The system was incubated in an orbital shaker (Biothec, Brazil) at
controlled stirring speed (130 rpm) and at room temperature (=21 °C).
In the equilibrium experiments, the samples were shaken long enough
to ensure the adsorption equilibrium was reached. The contact times
were 5, 30, 60, 120 and 240 min and the experiments were performed
in triplicate for each of the macrophytes. Subsequently, the biomasses
were separated by filtration with paper filters (slow filtration for fine
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precipitates with an ash content of 0.00012g) (Millipore, USA).
Furthermore, a new filtration was carried out with a vacuum system
(0.1 um polypropylene filter) (Millipore, USA) to avoid the presence of
any biomass residues in the remaining solution that could interfere with
the results.

2.5. Determination of U by ICP-OES

The solution concentration was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES), model Optima
7000DV (Perkin Elmer, USA). Calibration solutions were prepared by
dilution of certified uranium solution (Johnson Matthey Company, UK).
The wavelength (A) used in the determination of uranium was
424.167 nm, and the result is expressed as the average of triplicate
measurements.

2.6. Mathematical adsorption modeling

2.6.1. Data evaluation
The uptake of uranium by the biomass in a bath adsorption ex-
periment was determined using the following equation Eq. (1):

%4

=(,—-C)—
q=(C—-C) = eh)
where q is the uptake of uranium (mmol g~ '), Co is the initial uranium
concentration in solution (mmol L™, C is the equilibrium concentra-
tion in solution (mmol L™Y), V is the volume of solution (L), and m is

the mass of biosorbent (g).

2.6.2. Biosorption isotherms

The biosorption isotherm represents the equilibrium existent be-
tween the biomass and the solution at a given condition. It reveals how
biosorption behaves as the metal concentration in solution varies.

The adsorption equilibrium is graphically represented by adsorption
isotherms that express the relationship between the concentration of
ions retained in the biosorbent material and the amount remaining in
solution. The isotherms are based on mathematical models and the
parameters of adsorption isotherms models are obtained from the data
gathered experimentally. Their physicochemical parameters, together
with the assumptions of the models, provide insight into the adsorption
mechanism as well as the degree of affinity of the adsorbents (Foo and
Hameed, 2010).

In this context, in order to adequately describe the adsorption
equilibrium data, one should first choose an equation that describes the
data collected with accuracy and, secondly, regression methods must be
applied to find the optimal parameters (Hinz, 2001). Over the years,
various models have been formulated, being the most used the Lang-
muir and Freundlich models because of their easy application and in-
terpretation.

This paper investigates several adsorption isotherms models,
namely: Langmuir, Freundlich, Sips, Redlich-Peterson, Two-Sites
Langmuir, and Radke-Prausnitz.

These models were used to describe the data in the range of con-
centrations studied and are listed in Table 1 with their respective
equations.where in Langmuir model q.4 is the quantity per unit mass of
the species (metal) adsorbed at equilibrium (mmol g’l), Q, is the
maximum adsorption capacity (mmol g~ 1), k; is the Langmuir constant
related to adsorption energy (L mmol ™) and C, is the concentration of
adsorbed adsorbate when the system is at equilibrium (mmol L™1). In
the Freundlich model, K¢ is a constant related to adsorption capacity (L
mmol 1Y), n is a constant that represents the sorption intensity and the
distribution of the active sites; when 0 < Y, < 1, there is favorable ad-
sorption of the chemical species in the adsorbent and when ¥, > 1 it is
considered unfavorable adsorption of the chemical species in the ad-
sorbent. In Sips model, k; is the constant related to adsorption energy (L
mmol 1), a; is the Sips constant (L mmol ') and f, indicates the
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Table 1
Adsorption isotherm models used to describe data.
Model Equation n° Reference
Langmuir _ QokrCe 2) Foo and Hameed (2010)
9eq = T4 kpCe
Freundlich L 3) Foo and Hameed (2010)
qeq = kf C¢
Sips _ keChs 4 Foo and Hameed (2010)
Qog = 5
1+ a5Cps
Redlich-Peterson _ KgrpCe 5) Foo and Hameed (2010)
€ " 1+agpCef
Two-Site Langmuir _ ( QbiCe |, Q2b2Ce (6)  Hinz (2001)
eq ~ \1+b1Ce ' 1+b3Ce
Radke-Prausnitz _ _ 9maxKRrPCe 7) Foo and Hameed (2010)

eq 1
(1 + KRpCe)"RP

heterogeneity of the biosorbent; Note that if f; = 1, the model reduces
to Langmuir. In the Redlich-Peterson model, K R, 18 the first constant of
the isotherm R-P (mol 1), ag, is the second R-P isotherm constant (L
mmol '), g is an exponent whose value comprises between 0 and 1.
Note that if g = 1, the model reduces to the Langmuir isotherm and if
g = 0, it reduces to a Freundlich isotherm. In Two-Site Langmuir model,
Q; and Q, are the adsorption capacities (mmol g~ ') and the maximum
capacity is the sum of Q; + Q, b; and b, are the affinity coefficients of
sites 1 and 2 respectively (L mmol~'). Finally, in Radke-Prausnitz
model gpq is the maximum adsorption capacity (mmol g 1), Kgp is the
Radke-Prausnitz constant related to adsorption energy (L mmol ™) and
ngp is the dimensionless exponent of Radke-Prausnitz.

These adsorption isotherm models were utilized to describe the
equilibrium between the biomass and the solution. However, these
models contain several theoretical assumptions that cannot be fully
accredited to biosorption systems because of the complex chemical
structure of biological materials (Gadd, 2009). They are useful however
to quantitatively describe the sorption data in the range of concentra-
tions studied herein. In addition, qualitative experiments can be con-
ducted to reveal some of the mechanisms of the biosorption system and
to prove or reject the theoretical assumptions.

2.6.3. Sorption kinetics

Determining the kinetics of biosorption is fundamental to evaluate
the efficiency of the removal of metals by macrophytes. Sorption ki-
netics describes the adsorption rate of the solute, determining the rate
and equilibrium time at which sorption occurs.

Several independent processes can control sorption kinetics, such
as:

e External mass transfer process including mass diffusion of the ab-
sorbance in solution, and diffusion film across the boundary of the
biosorbent.

e Intra-particle diffusion of the adsorbate from the inner surface

e Chemical interactions involving reactions between the active sites in
the biosorbent and adsorbate (Auta and Hameed, 2013).

Lagergren's pseudo-first-order and Pseudo-Second Order models
were used to analyze the kinetics of uranium biosorption by macro-
phytes Lemna sp. and Pistia stratiotes.

2.6.4. Estimation of parameters

Recently, errors inherent have been pointed out in the use of linear
methods to estimate isotherm parameters (El-Khaiary and Malash,
2011; Kumar and Sivanesan, 2007; Foo and Hameed, 2010). For this
reason, the parameters of the isotherm and kinetic models were esti-
mated by applying the Nelder-Mead Simplex optimization method to
the experimental data. The objective function used in this method is
given by Eq. (8), where ¢®™** and q“" are, respectively, the experi-
mentally and the calculated amounts of uranium uptake per mass of
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biomass and n is the number of experimental data.

n 2
Fpj = Z (qEXP — gCAL)
j=1 (8)

As usual, the correlation coefficient (R%) was used to measure how
well experimental data fit the isotherm models. Also, the equilibrium
models fit were evaluated by the corrected Akaike information criterion
(AIC) according to the following equation:

2
Z?:l (qEXP _ qCAL)

n

AIC=nln +2(p+1)

©)]

where p is the number of adjustable parameters.
3. Results and discussion
3.1. Physical characterization

Morphological analyzes of biomasses Pistia stratiotes and Lemna sp.
performed by scanning electron microscopy are presented in Fig. (1)
and (2).

Fig. (1) and (2) indicate that both macrophytes have irregular
structures. Lemna sp. biomass presents a more uniform and compact
surface compared to Pistia stratiotes. Information about the porosity of
the biomasses was not obtained by scanning electron microscopy.

Energy dispersive X-ray spectrometry (EDS) analyses of the mac-
rophytes, as seen in Table 2, revealed a distinct chemical composition
between them. For instance, Pistia stratiotes and Lemna sp. indicated a
high percentage of calcium and potassium, respectively.

Pistia stratiotes presents a high percentage of calcium (Ca) that has
the stabilizing function of the cell wall in the cell membrane system and
in the middle lamella connecting the pectin radicals (Volk et al., 2004).
Potassium (K) is present in a higher percentage in the macrophyte
Lemna sp., being an enzymatic activator in the ATP synthesis of car-
bohydrates, in respiration and protein synthesis. Plants with potassium
deficiency demonstrate lower protein synthesis and accumulation of
soluble nitrogen compounds, such as amino acids, nitrates, and amides
(Borgatto et al., 2002).

3.2. Real density, apparent density, and surface area

As for the densities, Pistia stratiotes (real density:
1.600 = 0.001 gcm®; apparent density: 0.34 + 0.02gcm®) and

AccV  Spot Magn
10.0kV 45 250x

Det WD
SE 156.1 Pistia Stratiotes

100 um

Fig. 1. Micrographs of raw biomass Pistia stratiotes.
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AccV Spot Magn
10.0kV 45 250x

Det WD
SE 15.1 Lemna Sp

100 pum

Fig. 2. Micrographs of raw biomass Lemna sp.

Table 2

Percentage result of EDS analysis of macrophytes.
Element Biomasses

Pistia stratiotes Lemna sp.

Na 1.40 0.90
Mg 3.70 1.60
Al - -
Si - 2.00
P - 1.80
S 0.40 2.00
Cl 4.30 10.80
K 19.60 43.90
Ca 52.50 28.80
Fe 18.10 6.20
Mn - 2.00

Lemna sp. (real density: 1.690 + 0.001 gcem?® apparent density:
0.30 + 0.01 gcm®), it can be stated that the values obtained for both
macrophytes are very close, although the microscopic analysis shows
that they have different appearances. The specific surface area was
measured and Pistia stratiotes indicated a larger specific surface area
(13.80 + 0.70m? g_l), compared to Lemna sp. (6.60 = 0.70 m? g_l).
It is worth mentioning that a larger surface area represents a higher
adsorption intensity since this process is a surface phenomenon.

3.3. Fourier transform infrared spectroscopy (FTIR)

Functional groups identified by the transmittance spectra obtained
by FTIR of biomasses before biosorption process are presented in
Table 3. Pistia stratiotes and Lemna sp. spectra are observed in Fig. 3 (a)

Table 3
Identification of the functional groups present in Pistia stratiotes and Lemna sp.

Biomass Wave number (cm ™) Functional group
Pistia stratiotes 3323 -O-H, -N-H

29017 -CH

2851 -CH

1614 -N-H

1030 -C-0

780 -C-C
Lemna sp 3281 -O-H, -N-H

2919 -C-H

1626 -N-H

1030 -C-0
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Fig. 4. Experimental data and model biosorption kinetics of uranium into
40 macrophytes. (a) Pistia stratiotes; (b) Lemna s;
3281 1626 phytes. ; D.
304
Table 4
201 Parameters of kinetics calculated for the biomasses adopted.
10 1031 Model Pistia stratiotes ~ Lemna sp.
4000 3500 3000 2500 2000 1500 1000 400 pseudo- first order 99 (mmol g~ 1) 289 % 10-2 2,90 x 10-2
Wavenumber (cm™) K, (min~1) 0.17 0.45
. . . . r2 1.00 1.00
Fig. 3. FTIR spectra of biomass (a) Pistia stratiotes; (b) Lemna sp.
Pseudo-second order  9°4 (mmol g~ 1) 2.81 x 1072 2.89 x 1072
. K, (g mmol ™' min~')  21.75 51.51
and (b), respectively. 2 100 1.00

Figs. 3 and 4 suggest the presence of the functional groups listed in
Table 3. The wide absorption band located at 3323 cm ™" for Pistia
stratiotes and at 3281 cm ™~ ' for Lemna sp. shows overlap of OH and NH,
indicating the presence of two groups of free hydroxyls on surface and
water (Sari et al., 2008; Uluozlu et al., 2008; Tuzen et al., 2008; Salman
et al., 2010). The bands 2919 cm ™! and 2850 cm ™! located in the Pistia
stratiotes spectrum and the 2919 cm™! and 2920 cm ™! bands in the
Lemna sp. spectrum correspond to the CH stretching (Sari et al., 2008;
Sari and Tuzen 2008, 2009; Uluozlu et al., 2008; Pavia et al., 2008,
Tuzen et al., 2008). The bands in 1614cm ™", 1618cm ™", 1626 cm ™"
and 1624 cm ™! are characteristics of the folding presence of the amine
group (NH), also indicating the presence of water (Salman et al., 2010).
The stretching vibrations of CO with single bonds are present in the
1030 cm ™! band for both studied macrophytes (Sari et al., 2008; Sari
and Tuzen, 2008; Uluozlu et al., 2008, Tuzen et al., 2008). The spectra
below the 600 cm ™! region were considered as noise.

According to Fourest and Volesky (1996), the functional groups
responsible for biosorption in aquatic macrophytes are amines, car-
boxylates, carbonyls, hydroxyls, sulfonates, and thiols. The amine and

carboxyl groups were previously identified in the literature as re-
sponsible for uranium biosorption by the macrophyte Eichhornia cras-
sipes (Yi et al., 2016).

The identified hydroxyl OH that can be attributed to the presence of
alcohols and carboxylic groups, and the amine group NH, are present in
both macrophytes, thus being able to participate directly in the bio-
sorption process.

3.4. Biosorption assays

3.4.1. Biosorption kinetics

The results of uranium biosorption versus time for the macrophytes
Pistia stratiotes and Lemna sp. are presented in Fig. 4.

The results of the biosorption experiments show that the uranium
concentration in the biomass increased as a function of time until the
equilibrium was reached. This behavior is expected since uranium ac-
cumulates in the biomass at the adsorption sites until the dynamic
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Table 5

Comparison of uranium uptake by employing different biomasses.
Biomass Type of solution Uranium biosorption capacity (mmol g~ ) Reference
Pistia stratiotes Synthetic 2.86 x 1072 This work
Lemna sp. Synthetic 6.81 x 107? This work

Real radioactive waste 9.24 x 1073 This work

Raw coconut fiber Real radioactive waste 2.77 x 1073 Ferreira et al. (2018)
Activated coconut fiber Real radioactive waste 7.65 x 1072 Ferreira et al. (2018)
Eichhornia crassipes Synthetic 6.00 x 1071 Yi et al. (2016)
Lyophilized Pseudomonas strain Synthetic 2.27 x 1072 Sar and D'Souza (2001)
Live Pseudomonas strain Synthetic 1.72 x 1073 Sar and D'Souza (2001)
Potamogeton pectinatus L. Synthetic 6.55 x 1073 Pratas et al. (2014)
Cladophora hutchinsiae Synthetic 6.38 x 104 Bagda et al. (2017)
Russula sanguinea Synthetic 7.32 x 1074 Bagda et al. (2018)

Table 6
Parameters calculated by adsorption isotherm models regarding uranium biosorption onto Pistia stratiotes and Lemna sp. and the correlation coefficients obtained for
each model.
Biomass Model Parameters
Pistia stratiotes Langmuir Q (mmol g’l) Ky, (L mmol ™ 1Y) R? AIC
3.67 x 1072 26.50 0.78 —-174.3
Freundlich K¢ (L mmol ~1) 1/n R? AIC
2,52 x 107° 0.49 0.85 —-177.2
Sips K, (L mmol ™ 1) a; (L mmol 1) Bs R? AIC
2,52 x 107° 3.03 x 1071° 4.86 x 107! 0.86 —-175.2
Redlich Peterson Kgp (mol 1) agp (L mmol 1) B R? AIC
0.69 5.15 1.07 x 107! 0.86 —-175.2
Two-Site Langmuir Q; (mmol g’l) Q, (mmol g’l) b, (L mmol ~1) b, (L mmol ~1) R? AIC
1.84 x 1072 2.21 x 1078 17.4 25.5 0.90 -170.1
Radke-Prausnitz Qmax (mmol g™1) Kgp (L mmol 1) ngp R? AIC
2.79 x 1072 36.10 8.56 x 107! 0.80 -172.7
Lemna sp. Langmuir Q (mmol g™ 1) Ky (L mmol ™ 1) R? AIC
7.37 x 1071 0.98 0.98 -197.5
Freundlich K¢ (L mmol 1) 1/n R? AIC
2.18 0.30 0.91 —181.1
Sips K (L mmol ~1) a; (L mmol ~1) Bs R? AIC
0.43 0.57 9.32 x 107! 0.98 —195.8
Redlich Peterson Kgrp (mol ™ 1) agp (L mmol 1) B R? AIC
0.35 1.63 x 10? 7.01 x 107! 0.91 -179.2
Two-Site Langmuir Q; (mmol g~ 1) Q, (mmol g™ 1) by (L mmol 1) b, (L mmol ~1) R? AIC
0.28 0.48 0.32 1.57 0.98 —194.1
Radke-Prausnitz Qmax (mmol g’l) Kgp (L mmol~1) Ngp R? AIC
0.19 11.60 7.68 x 1071 0.95 —184.3

Parameters predicted by the adsorption isotherm models regarding uranium biosorption onto Pistia stratiotes and Lemna sp. and the correlation coefficients obtained

for each model.

equilibrium occurs. The equilibrium is reached as the desorption rate
approaches the rate of biosorption (Foo and Hameed, 2010). The
equilibrium time was reached after 60 min for both macrophytes.

The models of Pseudo-first order and Pseudo-second order were
selected by using the curves of experimental versus calculated data.
These models were also evaluated for the uranium biosorption kinetics.
The values of the parameters obtained for each kinetic model and their
graphical representations are outlined in Table 4 and Fig. 4, respec-
tively.

According to the correlation coefficient R? (1.00), both pseudo-first
and pseudo-second-order models fitted to the experimental data in the
sorption behavior of both macrophytes.

3.4.2. Biosorption capacity

The highest values of sorption capacity of uranium were observed
with Lemna sp. (6.81 x 107! + 7.56 x 10 *mmol g~ ') for the syn-
thetic solution. Pistia stratiotes revealed a much lower sorption capacity,
which was 2.86 x 1072 £ 2,52 x 10" *mmolg~'. No studies were
found in the literature that could be used to directly compare the results
obtained. There are, however, many works on bioaccumulation and
phytoremediation related to other macrophytes and metals, but scarce
for uranium. For example, Eichhornia crassipes macrophyte was studied
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by (Yi et al., 2016) for uranium biosorption in simulated radioactive
waste  solutions. The wuranium biosorption capacity was
6.00 x 10~ ' mmol g7, slightly lower than the results obtained in this
work.

The behavior of the macrophyte Lemna aequinoctialis was studied in
the presence of uranium and copper, but with a different purpose,
which was to evaluate the toxicity of these metals in the plant growth
(Charles et al., 2006). The author verified that this macrophyte, by
means of the bioaccumulation, retains these metals influencing nega-
tively in its growth.

The macrophytes Callitriche stagnalis Scop, Potamogeton natans L.,
and Potamogeton pectinatus L. were evaluated by Pratas et al. (2014) for
bioaccumulation of uranium. The best results of sorption capacity ob-
tained by authors were using the macrophyte Potamogeton pectinatus L.
presented uranium sorption capacity of 6.55 x 10~ >mmol g~ !, much
lower than those obtained in this work.

Since Lemna sp. indicated a much higher biosorption capacity of
uranium uptake, only this macrophyte was evaluated with real LRW.
Lemna sp. sorption capacity with real radioactive waste was
9.24 x 1073 + 8.40 x 10~ *mmol g~ '. This value was slightly higher
than those reported by Ferreira et al. (2018). In this work, biomasses of
raw coconut fiber and activated coconut fiber presented a uranium
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Fig. 5. Experimental equilibrium isotherm data and calculated by isotherms
models. (a) Pistia stratiotes; (b) Lemna sp.

biosorption capacity of 2.77 x 107 % = 4.20 x 10 " *mmolg™! and
7.65 x 1072 £ 1.68 x 10" *mmol g~ !, respectively. These values
were also obtained by employing real radioactive waste with uranium
concentration of 0.25 mmol L™ . Table 5 compares the results obtained
by our work, with several collected in literature.

Comparing the values obtained with the uranium solution and the
real waste, higher sorption capacities were observed in the uranium
solution, which could be explained by the experimental conditions
adopted. In this case, single element solutions (uranium) were utilized
with only one element (uranium) and prepared with an adequate pH for
the biosorption. The real radioactive waste, in turn, consists of a
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solution with organic compounds, multi-elementary (uranium, amer-
icium, and cesium) and pH 2.17. In addition to the low pH, different
from the range stipulated as optimal pH in uranium biosorption (Panias
and Krestou, 2015; Michalak et al., 2013), the competition of the ele-
ments by the adsorption sites of the biomass must also be considered.

Among the biomasses tested, Lemna sp. presented the highest re-
moval capacity in a shorter time, probably because of its larger specific
relative area, since the adsorption sites would be more available.

Table 6 highlights the parameters of the isotherms obtained for the
macrophytes Lemna sp. and Pistia stratiotes. Afterward, Fig. 5 depicts the
experimental versus the calculated data by the isotherm models.

According to the correlation coefficient R? (0.95) for the macro-
phyte Pistia stratiotes, the Redlich-Peterson isotherm model was the
most adequate as regards the experimental data. This model is a hybrid
isotherm that combines the characteristics of the Langmuir and
Freundlich models, representing the adsorption equilibrium over a wide
concentration range. The exponent  is between 0 and 1 and indicates a
larger trend for one of these models. The closer to 1 the greater the
trend for Langmuir and the closer to zero for Freundlich (Zelentsov
et al., 2012). For Pistia stratiotes, the value of } was equal to 1, in-
dicating there is a greater tendency for the Langmuir model, which
takes adsorption in monolayer with fixed numbers of adsorption sites.
These sites are uniform and the reaction occurs between a single mo-
lecule and a single active site, with no interaction between the adsorbed
species.

In the case of the Lemna sp., all the models fit the results, but
Langmuir's showed the best fit. The constant {3 of the Redlich-Peterson
isotherm model demonstrates it, with a value closer to 1. The value of
ngp parameter of Radke-Prausnitz isotherm also reinforces this in-
formation. The maximum experimental capacity was very close to the
theoretical ones obtained in the three models: Langmuir, Langmuir two
sites, and Radke-Prausnitz. The process then assumes a biosorption with
fixed numbers of adsorption sites, where all sites are uniform and ac-
commodate only a single molecule, and there is no interaction between
adsorbed species (Foo and Hameed, 2010).

4. Conclusions

The biosorption capacity of the aquatic macrophytes of the species
Pistia stratiotes and Lemna sp. was evaluated under different con-
centrations of uranium in synthetic solution and real radioactive waste.
Only Lemna sp. was studied in uranium sorption in real radioactive
waste, because it presented a maximum sorption capacity (experimen-
tally: 6.81 x 10~ mmol g™ '; calculated: 7.37 x 10~ mmol g~ ") far
superior to Pistia stratiotes (experimentally: 2.86 x 10 ?mmol g~ 7%;
calculated: 3.67 x 10 ?mmol g~ ") in the synthetic solutions. Lemna
sp. sorption capacity with real radioactive waste was much lower:
9.24 x 10" >*mmol g~ . The complex nature of the radioactive liquid
may have interfered in the sorption process negatively. These two
macrophytes present distinct appearance and surface areas, but they
have the same functional groups acting directly in the biosorption
process. Optimum contact time for uranium removal was experimen-
tally determined as 60 min for both macrophytes.

Isotherm models were efficient in the understanding of the uranium
biosorption process by the studied macrophytes. Redlich-Peterson and
Langmuir were the models that best fit the experimental data for Pistia
stratiotes and for Lemna sp., respectively.

The findings of this study indicate that macrophytes are biosorbents
that are easy to handle, stable and have the potential to be applied in
the treatment of radioactive waste.

Finally, further work is required to evaluate Lemna sp. behavior
under higher uranium concentrations. Moreover, the utilization of
Lemna sp. in treating multi-metals solutions is crucial, since this bio-
material could be utilized in wastes that are more complex. An im-
portant matter to resolve for future studies is the immobilization of
these biomasses in cement. The evaluation of other macrophytes seems
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also interesting and necessary, considering the differences found in
uranium uptake by the two macrophytes herein evaluated.
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