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Abstract

The main goal of this study was to assess alternatives to the current challenges on environmental quality and circular
economy. The former is here addressed by the treatment of radioactively contaminated solutions, and the latter by using
abundant and low-cost biomass. In this paper, we examine the biosorption of hexavalent uranium (U(V])) in a batch system
using the macrophytes Limnobium laevigatum and Azolla sp. by three operational parameters: biomass dose, metal ion con-
centration, and contact time. Simulated solutions were firstly addressed with two biomasses, followed by studies with real
liquid organic radioactive waste (LORW) with Azolla sp. The batch experiments were carried out by mixing 0.20 g biomass
in 10 mL of the prepared solution or LORW. The total contact time employed for the determination of the equilibrium times
was 240 min, and the initial U(VI) concentration was 0.63 mmol L™'. The equilibrium times were 15 min for L. laevigatum
and 30 min for Azolla sp. respectively. A wide range of initial U(VI) concentrations (0.25-36 mmol L™!) was then used to
assess the adsorption capacity of each macrophyte. Isotherm models validated the adsorption performance of the biosorption
process. Azolla sp. presented a much higher U(VI) uptake (0.474 mmol g~') compared to L. laevigatum (0.026 mmol g™ ).
When in contact with LORW, Azolla sp. removed much less uranium, indicating an adsorption capacity of 0.010 mmol g~
In conclusion, both biomasses, especially Azolla sp., can be used in the treatment of uranium-contaminated solutions.
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Introduction

Research related to the use of new materials for the treat-
ment of water, wastewater, and radioactive liquid waste con-
taining organic and inorganic pollutants remains a topic of
Highlights interest. This is due to concerns raised in recent decades
eAzolla sp. uptook much more U than Limnobium laevigatum. about the dangers of these wastes to human health. Recently,
*Equilibrium was reaChe.d in %ess than 30 min. a variety of materials has been used in this context, such as
eIn contact with real radioactive waste, U removal was K X

significantly lower. metal—organic framework membranes (Yu et al. 2021), bio-
Sips model best represented the biosorption of U(VI) by Azolla sp. char-based composites (Liang et al. 2021; Qiu et al. 2021),
yttrium silicate (Litrenta Medeiros et al. 2020), hydroxyapa-
tite, and bone meal (Watanabe et al. 2021), Saccharomyces
cerevisiae—calcium alginate beads (de Araujo et al. 2020),
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such as uranium exploration and processing, production of
nuclear power and nuclear weapons, and disposal of radioac-
tive waste (Yang et al. 2017; Su et al. 2019).

Uranium is highly toxic, radioactive, and it is consid-
ered one of the most dangerous heavy metals in the envi-
ronment. The main concerns about this compound are the
possibility of reaching the ecological food chain, harming
human being’s health. Furthermore, long-term exposure to
this radioelement can cause lung cancer, kidney and liver
impairment, besides physical-related malformations (Hon
et al. 2015). The ecological pollution and toxicity associated
with uranium stimulated researchers to investigate efficient
and rapid methods for its removal. Among treatment pro-
cesses, biosorption has attracted attention due to the sludge-
free operation, and the use of non-value wastes that are easy
to acquire and to handle and may possess a significant regen-
eration capacity (Bagda et al. 2017; Ecer and Sahan 2018;
Yilmaz et al. 2018).

Macrophytes have been utilized for uranium removal
(Mkandawire et al. 2004; Charles et al. 2006; Pratas et al.
2012,2014; Yiet al. 2016b, a, 2018; Vieira et al. 2019). Nev-
ertheless, studies with Limnobium laevigatum and Azolla sp.
are scarce in the literature regarding their use as biosorb-
ents for the removal of metals, and notably uncommon are
investigations with radionuclides. Limnobium laevigatum
(Humb. & Bonpl. Ex Willd) Heine belongs to the family
Hydrocharitaceae and is a free, perennial floating aquatic
macrophyte with short petioles, circular leaves arranged in
rosettes with bright free edges (Catian et al. 2012). Although
it has previously been used effectively in the phytoextrac-
tion of Pb, Cr, Ni, and Zn (Aran et al. 2017; San Juan et al.
2018), and in the removal of N and P (Sudiarto et al. 2019),
the potential of L. laevigatum is still unclear, especially with
dead biomass, i.e., excluding the effects of bioaccumulation.

The water fern, the popular name for Azolla sp., is a
small floating aquatic macrophyte belonging to the Azol-
laceae family and is in the same class as the avenca and
ferns (Pteridophytes). (Ghorbanzadeh Mashkani and Tajer
Mohammad Ghazvini 2009) employed Azolla filiculoides for
biosorption of Cs and Sr. In optimum conditions, the authors
achieved the maximum uptake capacities of 195 mg g~! and
212.1 mg g~! for Cs and Sr ions, respectively. They con-
cluded that given the high adsorption capacity of Azolla fili-
culoides and its abundance worldwide, there is a potential
of using this natural floating fern for wastewater treatment
in the future.

In this paper, we investigate L. laevigatum and Azolla sp.
as biosorbers of U(VI) in contaminated solutions through
three operational parameters: biomass dose, metal ion
concentration, and contact time. The two macrophytes are
compared in terms of equilibrium time and removal capac-
ity considering their morphological characteristics and
predictions using kinetics and isotherm models. Simulated
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solutions were firstly addressed with both biomasses, fol-
lowed by studies with real liquid organic radioactive waste
(LORW) with Azolla sp. To the best of our knowledge, phy-
toremediation of U(VI) with these macrophytes has not been
already considered, particularly to treat actual radioactive
waste. Identifying an effective use for these macrophytes
is not only environmentally advantageous but also brings
economic rewards due to the use of inexpensive biomass.

Materials and methods

The experimental conditions are briefly given in Fig. 1 (see
also Supplementary Information).

In short, raw biomass was sieved and only particle sizes
between 0.297 and 0.125 mm were used. For the experi-
ments with synthetic solutions (uranium only), pH was
initially fixed at 4, mainly because it is the speciation of
U(VI) in water (Yang and Volesky 1999). The components
(biomass/solution) were mixed in an orbital shaker (Biothec,
Brazil), and the stirring speed and temperature were kept at
130 rpm and 21 °C, respectively. The contact times were 5,
30, 60, 120, and 240 min, selected from exploratory studies.
Afterward, we used filtration to isolate the biomass (slow
filtration for fine precipitates; ash content of 0.00012 g)
(Millipore, USA).

The characterization steps included (i) morphology; (ii)
real and apparent densities; (iii) specific surface areas; and
(iv) analysis of atomic absorption spectroscopy (AAS) in
the infrared region with Fourier transform. The determina-
tion of U(VI) and U(total) were performed by inductively
coupled plasma optical emission spectroscopy (ICP-OES),
model Optima 7000DV (Perkin Elmer, USA).

To check for the applicability of these macrophytes in
real contaminated solutions, we also conducted experi-
ments with LORW. The selected waste is from research
and development activities from IPEN’s IEA-R1 research
reactor. LORW is mainly composed of water; ethyl acetate
(196 mg L™1); tributyl phosphate (227 mg L™"); [U(total)]
(0.25 mmol L™"); and other compounds and radionuclides
(Ferreira et al. 2013). The pH value is 3 because of the con-
siderable amount of nitric acid in the liquid waste.

Biosorption experiments

The experiments were performed in a batch system and in
triplicate for each macrophyte. Ten milliliters of prepared or
liquid waste solution was mixed with the biomass (0.2 g).
In Step 1 (Fig. 1), kinetics experiments were carried out
by using 0.63 mmol L™! as the initial U(VI) concentration,
and the equilibrium time was determined. Based on the data
generated in Step 1, the equilibrium time was fixed, and the
initial U(VI) concentration varied from 0.25 to 36 mmol L.
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*  Washing with tap and distilled water
* Dryness (60°C) for 24 h
» Triturated and sieved (0.125-0.297 mm)

Raw Azolla sp.

« Sterilized by UV radiation throughout 30 min.

Experimental conditions

* U spiked in water or already presented in the
radioactive liquid organic studied

* 0.2 g of biomass and 10 mL of solution

* 21°C

. pH=4

¢ 130rpm

» Contact times: 5, 30, 60, 120, and 240 min

» Triplicate

* Dryness (80°C) for24 h
* Cu support

Scanning Electron Microscopy

* A gold film was deposited on the "
sample in a vacuum metallizer. T

* Low filtration with paper filter
+ Filtration with polypropylene filter (0.1 pm)

| STEP 1 — Equilibrium time |
[U]p = 0.63 mmol L-! in water

Characterization

’ STEP 2 — Isotherms |
* [U]p=0.25-36 mmol L! in water

I Real and apparent densities l

\

l Specific surface area |

| STEP 3 —Real radioactive waste |

e A-olla sp. only
* [U]p,=0.25 mmol L! from liquid organic
radioactive waste

‘ U concentration by ICP-OES ‘

Fig. 1 Simplified diagram of the procedures undertaken in the characterization of biomass and experimental conditions (for more information,

see Supplementary Information)

Isotherms were then obtained (Step 2). In Step 3, we evalu-
ated the efficiency of Azolla sp. in removing U(total) from
LORW. The kinetics and equilibrium were again determined.

Mathematical modeling

Three different isotherm models were applied to describe
the adsorption equilibrium isotherms: Langmuir, Freun-
dlich, and Sips. Lagergren’s pseudo-first-order and pseudo-
second-order models were selected for the kinetics analyzes
of uranium biosorption by Azolla sp. and L. laevigatum. The
Akaike Information Criterion (AIC) was used to check the
isotherm models (see Supplementary Information for the
complete description of the isotherms and equations of the
mathematical modeling used).

Results and discussion
Characterization

Both biomasses were analyzed by scanning electron micros-
copy and energy dispersive X-ray spectrometry (SEM-EDS)
to verify their morphological characteristics and chemical
compositions, respectively. Figure 2 illustrates the micro-
graphs and EDS spectra for L. laevigatum and Azolla sp.

Figure 2 highlights that L. laevigatum and Azolla sp.
possess irregular structures and have a similar appearance.
Despite the distinct aspect of their surfaces, their morphol-
ogies are very characteristic of macrophytes (Pelosi et al.
2014; Lima et al. 2015; Vieira et al. 2019). Both depicted
a rough surface and the presence of microstructures, which
according to Lima et al. (2015) can be ascribed to the depo-
sition of salts on the surface of the macrophytes. Azolla sp.
revealed a high percentage of Si whereas L. laevigatum has
a high percentage of Ca. Both presented a significant pres-
ence of K (see Supplementary Information for the complete
EDS data, Table S1).

L. laevigatum (densities: (real) 1.550+0.001 g cm? and
(apparent) 0.320+0.010 g cm?) and Azolla sp. (density:
(real) 1.500+0.003 g cm® and (apparent) 0.250 +0.020 g
cm?®) highlighted similar values in terms of density and,
accordingly to the SEM analysis, their aspect is analo-
gous. The specific surface area was measured and Azolla
sp. pinpointed a much larger specific surface area (Azolla
sp.: 14.00+1.00 m? g — ! versus Limnobium laevigatum:
3.10+0.30 m? g~"). Having Azolla sp. a significantly higher
surface area, higher adsorption capacity is expected, consid-
ering that both present similar features regarding morphol-
ogy, element composition, and density. L. laevigatum and
Azolla sp. functional groups are displayed by mid-infrared
(mid-IR) (Fig. 3).
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Fig.2 Micrograph and EDS spectra of each biomass A Limnobium laevigatum (raw form); B Azolla sp. (raw form)

NHand OH  CH, NHandHQ C:COandC-OH c-C
: D M H | f

40 500 T 50 500500
Wavenumber (cm™)

Fig.3 Mid-infrared spectra of (black line) Limnobium laevigatum
and (red line) Azolla sp

@ Springer

The bands located at 3280 cm™' for L. laevigatum and
3279 cm™! for Azolla sp. highlight an overlap of NH and OH
(Tuzen et al. 2008; Vieira et al. 2019). The band 2920 cm™!
of the L. laevigatum spectrum and the 2917 cm™' and
2850 cm™! bands in the Azolla sp. spectrum are assigned to
the asymmetric and symmetric vibration of methylene (CH,)
(Lima et al. 2016). The bands located at 1618 cm™! and
1624 cm™! represent the amine group (NH) and water (Sal-
man et al. 2010; Drumm et al. 2020; Rigueto et al. 2020).
The band located at 1420 cm™" is the C—H, stretching bend-
ing (Ardila et al. 2017). The stretching vibrations of CO with
single bonds and C—OH are present in the 1030 cm™! band
for both L. laevigatum and Azolla sp. (Sari and Tuzen 2009;
Drumm et al. 2020). Finally, the band located at 806 cm™!
is due to —C—C (Ferreira et al. 2020).

The mid-IR of Azolla sp. is especially similar to the
mid-IR of Lemna sp., whereas the mid-IR of L. laevigatum
resembles that of the Pistia stratiotes (Vieira et al. 2019).
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Fig.4 Experimental data a) b)
and model kinetics for U(VI) 0.03 . 003  gumea - Y
adsorption by the macrophytes. :}}--’-_““' - i :.:f
(filled square) experimental H i
data; (dashed line) pseudo- oo} ~0021 §
first-order model; (dot line) "= i o ;
pseudo-second-order model. A g : g :
Limnobium laevigatum and B E ol »E:() oil
Azolla sp. [U(VD)];=0.63 mmol S T
L ! :
i '
000k 0.00-{a
(’) 5‘0 160 1%0 2(’)0 2%0 300 (’) 5’0 1(’)0 1&0 2(’)0 2%0 300
Time (min) Time (min)
Table 1 Parameters of the calculated kinetics for each biomass
Model Macrophyte °
D °
Limnobium  Azolla sp.
laevigatum | 9 L
5 i Goa ®
Pseudo-first-order geq (mmol e h 0.027 0.030 e
K, (min™) 0.275 0.180 e T g
o 0.997 0.999 s
Pseudo-second-order Geq (mmol g’l) 0.028 0.030 4 cf)
K, (g 51.7 26.0
mmol™' min~")
P 0.998 1.000
3 0 50 100 150 200 250
Time (min)

According to Yi et al. (2016a, b), the amine and carboxyl
groups are the main groups that provide uranium biosorption
by the macrophyte Eichhornia crassipes.

Biosorption assays
Biosorption kinetics

The first biosorption assays aimed at reaching the equilib-
rium time with the initial U(VI) concentration of 0.63 mmol
L~! and a total contact time of 240 min. Figure 4 depicts
the adsorption capacity of each macrophyte as a function
of time.

As expected, the adsorption of uranium by both macro-
phytes increased over time until equilibrium was reached.
In terms of uranium removal capacity in equilibrium (q,)
in this specific experimental condition that the kinetic
experiment was carried out, the values were similar for
the two adsorbents (qe, 1. jaevigarum = 0-028 mmol gl
9e, Azolla sp. = 0.030 mmol g 1. The equilibrium time was
reached after 15 min for L. laevigatum and 30 min for Azolla
sp. This can also be confirmed by the values of the parame-
ters of the kinetic constants K, and K, (Table 1), which were
all superior to L. laevigatum than to Azolla sp. The higher
the values of these parameters, the steeper the curve and
the faster the equilibrium time is reached. Despite reaching

Fig.5 pH variation for (red circle) Azolla sp. in contact with the syn-
thetic solution; (black square) Limnobium laevigatum in contact with
the synthetic solution

equilibrium faster, Azolla sp. indicated slightly superior
values of adsorption capacity, which may have increased
the time for reaching equilibrium. Both pseudo-first-order
and pseudo-second-order were used to predict adsorption
by using the experimental data. The parameters obtained in
the kinetic models are listed in Table 1.

Both pseudo-models indicated high correlation coeffi-
cient (R?) values (>0.997). However, the pseudo-second
order model best represented uranium biosorption by both
macrophytes. This corroborates with the mechanism of U
removal by other authors with the use of persimmon tannin
functionalized waste paper (Liu et al. 2022) and Fe;0,@
MnOx with 3D hollow structure (Zhang et al. 2021), who
found R? values of 0.975 and 0.992 for the pseudo-second
order model, respectively.

Initial pH was initially fixed at 4 and its changes over time
were assessed. Figure 5 shows the temporal evolution of the
pH during these adsorption experiments.

After 5 min of mixing, the pH values changed from 4
to about 5. The maximum pH was 5.59 +0.03, reached at
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30 min. Cordeiro et al. (2016) found that U tends to accu-
mulate in plant roots due to U complexation with phosphate.
According to Xiong et al. (2021), there are three mecha-
nisms that may occur in the removal of U(IV) by materi-
als that have phosphate and calcium in their composition:
adsorption, dissolution—precipitation, and ion-exchange.
The observed increase in pH suggests that dissolution—pre-
cipitation was likely the major process during our experi-
ments. The acidic conditions of the solutions may have
released Ca?t and PO43_ that reacted with U(VI), forming
compounds such as Ca(UO,),(PO,), 3H,0 (Watanabe et al.
2021). A slight decrease in pH was then observed over time,
probably given to the sorption of the hydroxide forms of
uranium in the macrophytes. The narrow variations noticed
in the tests provide a good indication that the adsorption
process was stable.

Biosorption capacity

In Step 2, the time taken to reach equilibrium was fixed for
the isotherm study. Initial uranium concentrations varied
from 0.25 to 36 mmol L™!. The values of the parameters
calculated by the isotherms and the statistical parameters R*
and AIC for both macrophytes are listed in Table 2, followed

by the experimental versus predicted data from the isotherm
models (Fig. 6).

Azolla sp. presented a much higher sorption ability with
0.47 +0.05 mmol g~! compared to that of the L. laevigatum,
0.027 +0.0009 mmol g~! (Fig. 6). The much larger specific
relative area of the Azolla sp. (14.00+1.00 m*> g~!) com-
pared to L. laevigatum (3.10+0.30 m? g~!) may have con-
tributed to the improved U(VI) uptake, given the expected
higher availability of the adsorption sites. Vieira et al. (2019)
presented similar results for Lemna sp. and Pistia stratiotes
with 0.68 mmol g~! and 0.029 mmol g~', respectively, both
after 1 h. However, Lemna sp. and P. stratiotes indicated an
equilibrium time of 1 h, as opposed to L. laevigatum and
Azolla sp. which were 15 and 30 min, respectively. For L.
laevigatum, the Freundlich and Sips models presented the
best fit. The exponent P (0.34) indicates a trend for both
Sips and Freundlich. The Freundlich constant (1/n) indicates
that adsorption occurred favorably (Zhang et al. 2021). For
Azolla sp., Sips better represented the experimental data
(R*=0.97, AIC= —113).

The maximum absorption capacities of U(VI) on L.
laevigatum and Azolla sp. calculated from the Langmuir
model were 0.03 and 0.46 mmol g~!, respectively. Azolla sp.
capacity is significantly higher than other biosorbents such
as active yeast cells entrapped in gel beads (0.14 mmol g~

Table 2 Parameters calculated

- Biomass Model R? AIC Parameters
from the selected adsorption
models for each biomass and Limnobium Langmuir 0.91 -85 Q (mmol g1 Ky (L mmol™")
the correlation coefficients laevigatum 0.03 0.46
obtained for each model Freundlich ~ 0.97 —94 K; (L mmol ™) 1/n
54%107 0.35
Sips 0.97 -92 K, (L mmol™") a, (L mmol™) B
5.5%107* 8.9%107 0.34
Azolla sp. Langmuir 0.96 —111 Q (mmol g’l) K (L mmol ™)
0.46 3.0
Freundlich 0.95 —107 K; (L mmol ") 1/n
4.1 0.24
Sips 0.97 -113 K, (L mmol™) a, (L mmol ™) B,
0.58 1.1 0.59
Fig.6 Experimental versus pre- a) 062
dicted values for the biosorption RLER
of U(VI) using the macrophytes o e 051 - .li-’
A Limnobium laevigatum and B P : = —~oal T T |
Azolla sp. (black square) experi- © 0,020 /,..—v""' o
mental data, (—) Langmuir iso- g /./.'" g o3
therm model, (eee) Freundlich 53 00154 y " E
Isotherm model, and (- -) Sips ® oo0] 7 oF 02
Isotherm models 7
0.005 I' 01
0.000 . . . . ek : . . :
0.03 0.06 0.09 0.12 20 25 30 40
C,, (mmol LY C,, (mmol L")
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(Chen et al. 2020), Candida utilis (0.17 mmol g_l) (Liu
et al. 2021a), and Pistia stratiotes (0.04 mmol g~') (Vieira
et al. 2019). On the other hand, higher capacities were
also found, for instance those obtained for Hydrilla ver-
ticillate (0.72 mmol g~') (Yi et al. 2017), and Lemna sp.
(0.74 mmol g‘l) (Vieira et al. 2019). Note that these values
are highly dependent on U(VI) concentration, pH, and adsor-
bent mass. In general terms, the values obtained in this work
are comparable to other natural-based adsorbents.

There are few reports on the biosorption of U(VI) by
macrophytes. Nevertheless, there are data on the biosorption
of other metals. For instance, Yi et al. (2016a, b) employed
Eichhornia crassipes for biosorption of U(VI) in synthetic
uranium-contaminated solutions, obtaining an adsorption
capacity closer to ours (0.6 mmol g_l). Charles et al. (2006)
employed Lemna aequinoctialis in individually or mixed
contaminated solutions by U and/or Cu. The authors high-
light that the toxicity of both metals affects the growth of
this macrophyte as a result of bioaccumulation. Pratas et al.
(2014) used three macrophytes for uranium bioaccumula-
tion. These macrophytes were Callitriche stagnalis Scop,
Potamogeton natans L., and Potamogeton pectinatus L. The
latter indicated the best results, with 6.55x 10~ mmol g~'.

Finally, in Step 3, Azolla sp. was used in biosorption
kinetic tests with the LORW in a batch reactor. The reason
is that Azolla sp. highlighted a much higher U(VI) uptake
in the aqueous solutions (water and uranium nitrate) when
compared to L. laevigatum.

Azolla sp. presented a sorption capacity of 10.92 X
1073 +1.26 x 10~ mmol g~! when in contact with the
LORW. This value is slightly superior to that obtained
for Lemna sp. (9.24 X 1073 mmol g™) (Vieira et al. 2019)
and coffee and rice husks with 8.24 x 107> mmol g~! and
3.35x 107 mmol g~!, respectively (Ferreira et al. 2020).
Furthermore, Azolla sp. sorption capacity is also higher than
that of coconut fiber, which was 7.65 x 10~ mmol g‘1 (Fer-
reira et al. 2018).

Synthetic solutions presented much higher sorption val-
ues for uranium than the actual radioactive waste, which is
expected given to the nature of the waste, multi-elementary
composition (U, Pu, Am, Cs, and others), and the presence
of organic compounds (ethyl acetate and tributyl phosphate).
No significant changes of pH were observed in function of
time.

Conclusions

The effect of two macrophytes, Limnobium laevigatum, and
Azolla sp. on the adsorption of U (VI) in aqueous solutions
is presented. Azolla sp. presented a much higher sorption
ability (0.68 mmol g~!) compared to that of L. laevigatum

(0.028 mmol g~!). The greater specific relative area of Azolla
sp. may have enhanced uranium biosorption. On the other
hand, L. laevigatum reached equilibrium faster (15 min) than
Azolla sp. (30 min). The Freundlich and Sips models pre-
sented the best fit for L. laevigatum as indicated by the expo-
nent 3 (0.34). In the case of Azolla sp., a greater tendency to
the model with the Sips (R*=0.97, AIC = — 113) denotes a
less heterogeneous surface for this material. The last can also
be identified by the values of the Sips parameter fs (0.59).
The maximum predicted absorption capacities of U(VI) on
Azolla sp. and L. laevigatum were 0.46 and 0.03 mmol g~!,
respectively. pH increase during the beginning of the exper-
iments is an indication that dissolution—precipitation was
likely the main process because of the presence of calcium
and phosphate in both macrophytes, followed by a slight
decrease in pH due to the sorption of the hydroxide forms
of uranium. Furthermore, the limited pH variations indi-
cated that the adsorption process was steady. Azolla sp.
sorption capacity, when applied to a real radioactive waste,
was significantly inferior (0.01 mmol g~!). The reasons are
due to the complex nature of the radioactive liquid, which
may have hindered uranium removal. The macrophytes were
considered as an easy approach to be used as biosorbents for
uranium-contaminated water sources.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-19128-8.
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