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Abstract The treatment of radioactive liquid waste con-
taining organic compounds was always a cause for concern
to radioactive waste management facilities because the
processes available are expensive and difficult to manage.
Biosorption has been studied as a new process in simulated
wastes as an alternative to treating them. Among the
potential biomass, the coconut fiber has very attractive
features that allow the removal of radionuclides using a
low-cost biosorbent. The aim of this study was to evaluate
the capacity of coconut fiber to remove uranium, ameri-
cium, and cesium from real radioactive liquid organic
waste. Experiments with the biosorption of these radionu-
clides in coconut fiber were made including (1) prepara-
tion, activation, and characterization of biomass and (2)
biosorption assays. The biomass was tested in raw and
activated form. Biosorption assays were performed, adding
the biomass to real waste solutions. The solutions contain
natural uranium, americium-241, and cesium-137. The
contact times and the concentrations range were varied.
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The radioisotopes remaining concentration in the solutions
was determined by inductively coupled plasma optical
emission spectrometry and gamma spectrometry. The
results were evaluated by maximum experimental sorption
capacity and isotherm and kinetics ternary models. The
highest sorption capacity was observed with the activated
coconut fiber, with values of 2 mg/g of U (total),
70E—06 mg/g of Am-241 and 40E—09 mg/g of Cs-137.
These results suggest that biosorption with activated
coconut fiber can be applied in the treatment of radioactive
liquid organic wastes containing uranium, americium-241,
and cesium-137.
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Introduction

Treatment of radioactive waste is an important stage in
management to reduce the volume of the wastes and
enhance the safety and/or reduce the costs of further stages.
Radioactive liquid waste streams may represent a challenge
to treat, in general, as the physical properties and chemical
composition vary widely (IAEA 2004).

Several methods have been developed to remove heavy
metals from aqueous solutions as precipitation, ion
exchange, and electrochemical processes, but all of them
have technical and economical limitations and its appli-
cation depends on physical and chemical properties of
these solutions (Eroglu et al. 2009; Witek-Krowiak et al.
2011). For instance, ion exchange, membrane technologies,
and activated adsorption processes are expensive as well
chemical precipitation and electrochemical treatments are
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ineffective when metal ion concentration in aqueous solu-
tion is lower than 50 mg/L (Das et al. 2008).

Approximately 10% of all radioactive wastes produced
in the USA are mixed with hazardous or toxic chemicals
and therefore cannot be placed in secure land disposal
facilities. Mixed wastes containing hazardous organic
chemicals are often incinerated, but volatile radioactive
elements are released directly into the biosphere. Some
mixed wastes do not currently have any identified disposal
option and are stored locally awaiting new developments.
Biological treatment has been proposed as a potentially
safer alternative to incineration for the treatment of haz-
ardous organic mixed wastes since biological treatment
would not release volatile radioisotopes and the residual
low-level radioactive waste would no longer be restricted
from land disposal (Stringfellow et al. 2004).

Biosorption has been studied as an alternative to con-
ventional methods because it is a low-cost and simple
method to remove heavy metals from wastewaters. In
addition, it is selective, regenerable, and highly effective in
the treatment of dilute effluents (Park et al. 2010). This
technique can be defined as the property of biomolecules or
biomass to bind metal ions, thereby decreasing its con-
centration in aqueous solutions (Witek-Krowiak et al.
2011; Yang and Volesky 1999). Microorganisms (Kapoor
et al. 1999; Vijayaraghavan and Yun 2008; Wang and Chen
2009), agricultural waste (Bansal et al. 2009; Minamisawa
et al. 2004), polysaccharide from biopolymers (Feng and
Aldrich 2004; Gok and Aytas 2009; Elwakeel et al.
2014, 2017), and algae (Yang and Volesky 1999) are the
most studied biosorbents.

The design and efficient operation of an adsorption
process needed efficient equilibrium models. The isotherm
models are used for description and prediction of the
equilibrium data giving the opportunity to scale up in the
adsorption process. However, the adsorption equilibria
aspect of the multicomponent system and its modeling still
needs to be explored. Yet, a variation of Langmuir equi-
librium model is the most extensively used featuring its
simple approach in describing multicomponent adsorption
equilibrium (Soetaredjo et al. 2013).

Natural sorbents are promising and suitable alternative
to traditional adsorbents due to their availability in large
quantities, low cost, and their sustainable use. There are a
number of articles describing the results obtained with a
variety of agricultural by-products in removing metalloids
and metals, including actinides and lanthanides (Gadd
2009).

There are several studies described in the literature
involving the use of agricultural residues in biosorption
processes (Ferraz et al. 2014; Garg et al. 2008; Gongalves
et al. 2007; Minamisawa et al. 2004; Saka et al. 2012;
Thitame and Shukla 2015; Zhu et al. 2009), and among
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them, coconut fiber (Cocosnucifera L.) (Bhaumik and
Mondal 2015; Israel et al. 2010; Parab et al. 2005; Pino
et al. 2006). Coconut fiber or coir fiber is an attractive
biosorbent because it is generated in a large quantity as a
by-product from coconut processing. Specifically, in Brazil
almost 2 tons of coconut was produced in 2011, being 85%
of this biomass by-product discarded in the environment
(Carrijo et al. 2002; Cazetta et al. 2011). This fiber is
composed of several constituents including lignin and
cellulose which contain different functional groups as
phosphate, carboxyl, sulfide, hydroxyl, and amine,
responsible for the metal-binding mechanisms and good
chemical stability (Volesky 2003; Volesky and Holan
1995). This characteristic is related to its porous structure
and the functional groups including carboxylic and phe-
nolic acid groups (Israel et al. 2010). In addition,
biosorption capacity presented by these materials can be
improved by changing the structure with chemical treat-
ments. Several authors reported a significant improvement
in the ability of metal biosorption by chemically modified
biomass attributed to the formation of new functional
groups (Krishnani et al. 2008; Vilar et al. 2007; Wan Ngah
and Hanafiah 2008).

In the nuclear area, there are no studies reporting the
application of biomass or biosorption for the treatment of
real radioactive waste. But the literature describes works
with citrus waste (Saleem and Bhatti 2011), tea leaves
(Ding et al. 2012), pine sawdust (Zhou et al. 2014; Zou and
Zhao 2011), pollen pini (Wang et al. 2015), giant kelp
biomass (Zhou et al. 2016), elodea Canadensis biomass (Yi
et al. 2016), rice husk (Yuan and Fa-Cheng 2011), and
coconut (Parab et al. 2005) for removal of uranium from
aqueous solution, which results indicated the potential
application in treating radioactive effluents. Thus, the
objective of this study was to evaluate the capacity of
coconut fiber to remove uranium, americium, and cesium
from real radioactive liquid organic waste stored at the
Nuclear and Energy Research Institute (IPEN-CNEN/SP),
Sao Paulo, Brazil. This research was done in this institu-
tion, during the year of 2015 and 2016.

Materials and methods

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

Preparation of biomass

The biomass used in this work was the coconut fiber pro-

vided by West Garden®. The biomass was washed and
dried in an oven at 80 °C for 24 h, sterilized by ultraviolet
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radiation, triturated, and separated by granulometry (sieve
Granulotest®). The fraction between 0.297 and 0.500 mm
was utilized in the experiments. Part of the biomass
obtained from this fraction was separated to perform the
activation procedure, by chemical modification.

Activation of biomass

The biomass was activated (chemically modified) accord-
ing to the procedure described by Rocha et al. (2009). For
this treatment, 10 g of triturated biomass was dispersed in
50 mL of HNOj; solution 1.0 mol L™" and left agitating for
1 h at room temperature. After that, the material was fil-
tered and the solid was washed with deionized water until
the removal of the excess of acid. Then, the material was
dispersed in 100 mL of a NaOH solution 0.75 mol L™" and
left under agitation for 1 h at the room temperature. The
biomass again was filtered and washed exhaustingly with
water and then dried at 60 °C.

Physical characterization

The parameters evaluated for physical characterization of
biomass were morphological characteristics of coconut
fiber, real and apparent density, and surface area.

The morphological characteristics of coconut fiber were
evaluated by scanning electron microscopy performed
using a Philips model XL30 scanning electron microscope.
The samples were coated with a thin, electric conductive
gold film.

The real density of biosorbent was determined by
helium pycnometry (Micromeritics, Model 1330) (Vilar
et al. 2007). The apparent density was determined by filling
a measuring beaker with a defined volume of the specimen
and weighing it according to the method described in the
Brazilian EMBRAPA standard (EMBRAPA 1997).

The surface area of the biosorbent was determined by
BET method (Micromeritcs, ASAP 2010 apparatus), based
on nitrogen adsorption—desorption isotherms at 77 K
(Brunauer et al. 1938; Danish et al. 2012).

Biosorption assays

Biosorption experiments were carried out using 0.2 g of
biomass suspended in 10 mL of solutions prepared by

dilution of radioactive liquid waste with distilled water.
The dilution ranged from 10 to 100%. The flask with a
solution and biosorbent was incubated in a shaker
(150 rpm) at room temperature for 2 h, filtered, and the
concentrations of uranium were determined in the liquid
phase.

At the end of the experiment, the biomass was separated
by filtration and the concentration of radioisotope remain-
ing in the filtrate was determined by ICP-OES and gamma
spectrometry. The following parameters were evaluated:
the contact time between the biomass and waste and the
concentration of radioisotopes. The contact times adopted
were 30 min, 1, 2, and 4 h, and the concentrations tested
ranged between 10 and 100%. In this case, solutions were
prepared with deionized water and the raw waste main-
taining the same pH of the raw waste, adjusted with
0.1 mol L™" HNO when necessary. All experiments were
performed in triplicate.

The radioactive liquid waste used in the experiments is a
two-phase solution with ethyl acetate (196 ppm) and tri-
butyl phosphate (227 ppm) at pH 2.17. The radioisotopes,
their present activity concentrations, as well as the typical
concentrations of the radionuclides in the radioactive waste
streams stored at the Nuclear and Energy Research Institute
(Ferreira et al. 2013) are described in Table 1.

Determination of U (total) by ICP-OES

The uranium (total) in the samples was quantified by in-
ductively coupled plasma optical emission spectrometry
(ICP-OES), model 7000DV (PerkinElmer). A calibration
curve was prepared using a standard uranium solution
(Matthey Johnson Company) to perform the analysis. The
wavelength (A) used in the determination of the uranium
was 385.466 nm, and the result is expressed as the average
of triplicate measurements.

Determination of Am-241and Cs-137 by gamma
spectrometry

Measurement of Cs-137 and Am-241 was done through a
gamma spectrometry (Canberra Industries, model GX4510)
System (HPGe detector with beryllium window of 0.5 mm
thickness). The detector shielding was composed of a lead
wall (105 mm thickness), copper wall (2 mm), and lucite

Table 1 Radioisotopes present in the radioactive waste, their respective activities, and the typical concentrations of the streams

Radioisotopes Activity (Bq/L) Concentration (mg/L) Range of concentrations in the waste streams (mg/L)
Am-241 (240 £ 9) E4-03 (1.800 £ 0.002)E—03 1.34E—07 to 9.05SE—04
Cs-137 (220 £ 3) E+02 (6.800 £+ 0.001)E—06 5.00E—09 to 6.80E—06
U (total) (27 £ 2) E402 (1.100 % 0.086)E+02 3.20E4-00 to 5.08E+4-02
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wall (4 mm). The activity concentration for Cs-137 and
Am-241 was calculated through a specific energy photo-
peak of 661.66 and 59.54 keV, respectively.

Metal uptake

The metal uptake of species j in biosorbent was determined
using Eq. 1:

o= (V0 xv m

where Cj; and Cy; are the initial and final concentration of
metal species j in solution (mg/L), V is the volume of
solution (L), and m is the dry mass of biosorbent (g).

Mathematical modeling of the biosorption process

The modeling of equilibrium adsorption in multicompo-
nent systems is more complex of adsorption in the mono-
component system because of the effects of the
competition for the metal species by adsorbent sites.

Langmuir and Freundlich monocomponent isotherms
are commonly used in biosorption studies, but these
approaches are not adequate to model systems with two or
more metals because the combined effects of ion mixtures
must be considered. In this case, it is necessary to use
models that consider the competition of metals by the
biosorbent sites, being the most common models multi-
component Langmuir or modified since.

These effects may be too complex and depend on: the
number of metal ions that compete for the binding sites, the
interactions among the metal ions, and the metal concen-
trations (Sag and Kutsal 1996). Biosorption process with
more than two metal ions can produce three types of
response: synergism, antagonism, and non-interaction.
Synergism occurs when the effect of the mixture is greater
than the individual effects of the constituents in the mix-
ture. On the other hand, antagonism occurs when the effect

of the mixture is less than the sum of individual effects of
the constituents in the mixture. When the effect of the
mixture is equal to the sum of individual effects, it is called
non-interaction.

Adsorption isotherms in multicomponent systems

In this work, models based on Langmuir and Jain and
Snoeyink for ternary systems were used in order to assess
the biosorption of the metal species in the biomass. A
summary of the four models used is shown in Table 2.

Langmuir ternary adsorption model

Most models used to represent the data of adsorption
equilibrium in multispecies systems were obtained by
modifications of the Langmuir monocomponent isotherm
model. The hypotheses assumed for this model are that the
molecules are adsorbed in a number of sites well defined,
each site adsorbed only one molecule; the surface is
energetic homogenous and non-interactions between the
species adsorbed (Radhika and Palanivelu 2006).

The Langmuir assumptions for ternary adsorption iso-
therm are the same for single species. Mathematical
expressions representing the Langmuir isotherm model for
a ternary mixture can be obtained from the kinetic Eqs. 2,
3, and 4:

B+M1]<:(—‘>B—M1 by =k Jk_ (2)

B +M2]<f—2>3 My by=hka/k, 3)
2

B+M1]<:(—3>B—M3 by = k3/k_3 4)
3

where M,, M,, and M5 are the metal species in the fluid
phase, B represents the empty sites, and B — M, B — M5,

Table 2 Summary of the biosorption mechanisms for the models adopted

Mechanisms/models Number of B sites (the empty sites) Metal adsorption (for ternary systems)
sites

Langmuir ternary adsorption 1 Only one type of empty sites: B M, M,, and M3 compete to be
model absorbed onto the sites.

Langmuir ternary with two 2 By sites: adsorption occurs only with metal species M; M; adsorbed onto By sites only; M,
sites B¢ sites: competition among metal species (M», M3) and M3 compete to be absorbed

to occupy the sites onto the Bc sites.

Ternary Jain and Snoeyink 2 By sites: adsorption occurs only with metal species M; The binding energy of adsorption

model B sites: all species (M, M, M3) can be adsorbed. between species M; onto sites By
and B is assumed to be equal
Jain and Snoeyink ternary 2 By sites: adsorption occurs only with metal species M;; The binding energy of adsorption

model Modified

Bc sites: all species (M, M,, M3) can be adsorbed.

between species M onto sites By
and Bc is assumed to be distinct

’r @ Springer
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and B — M; are metal species adsorbed onto sites of
biosorbent.

For a system at equilibrium, from the kinetic equations
of the Langmuir model, one can obtain

Equations 5, 6, and 7:

qmcC1 by

= 5
B =15 5,C, + b2Cy + b3Cy ®)
mcCa b
g4, = qdmcL2 D2 (6)
1+5,C, + bC, + b3Cy
mcCz b
4 qmcC3 D3 (7)

T 1+ b,C, + b2C, + b3,

where g; is the equilibrium concentration of species j in
biosorbent (mmol/g), C; is the equilibrium concentration of
species j in solution (mmol/L), and g,,c, by, by, and b5 are
parameters of the model.

Langmuir ternary with two sites

This model assumed that the biosorbent has two types of
sites, represented by By and Bc. In By sites, adsorption
occurs only with metal species M; and, thus, there is no
competition for another species to occupy this site. In B,
sites, there are competition among metal species (M,, M3)
to occupy this sites, which are described by the kinetics
Egs. 8, 9, and 10:

k

By + M, ;{—‘>BU — M, by =k [k (8)
k:

Bc + M, ;} Bc—M; by =hka/k_» 9)
-2

Bc +M1]<f—3>BC—M3 by =k3/k_3 (10)

For a system at equilibrium, from the kinetic Eqs. 8-10,
one can obtain Egs. 11, 12, and 13:

gmuCibui
= dmuC17u 1
i ware) (11)
gmcCa2 by
_ 12
P T b6, 1+ 5,6, (12)
mcC3 b
g3 dmcC3 D3 (13)

T 1+ b,C, +b,Cy

where ¢q,,u, ¢mc, b1, b2, and b; are parameters of Langmuir
two-site model.

Ternary Jain and Snoeyink model

Jain and Snoeyink (Jain and Snoeyink 1973) originally
proposed isotherm model to predict the behavior of
equilibrium sorption on activated carbon in binary sys-
tems. This model considers that there are two types of

sites: one type is selective and adsorbs only one of the
two metallic species and the other type adsorbs both
species.

In this work, Jain and Snoeyink’s model was adapted
for the ternary model, considering two types of binding
sites, represented by By and Bc. In this way, in the By
sites occurs adsorption only with the species M, and in
the Bc sites, all species can be adsorbed. In addition, the
binding energy of adsorption between the metal species
M, onto sites By and B¢ is assumed to be equal. Then,
considering the metallic species in solution M, M,, and
M3, the kinetic equation for By sites can be expressed by
Eq. 14:

BU+M1{—'>B—M1 by = ky Jk_i (14)
—1

For site B¢, which occurs competition, one can obtain
the kinetics Egs. 15, 16, and 17:

Bc + M, ;f—kBC My by =k /k_y (15)
—1

Bc +M2]<f—2>BC My by=hk/k, (16)
)

Bc +M1k’£>BC—M3 by = ks [k_s3 (17)
-3

For a system at equilibrium, from the kinetic Eqs. 14—
17, one can obtain Eqgs. 18, 19 and 20:

a1 = gmuCi by gmcC1 b (18)
"T 14 6C, 14 b1C, + boC, + b3C,y
~ gmuCi b gmcC1 by
q1 = (19)
1+5,C;, 1+4+b,C,+bC,+ b3Cy
mcC3 b
a5 qmcC3 03 (20)

1 +b,C, +b,Cy + b3Cy

where q,,u, gmc, b1, b1, by, and bz are parameters of the
model.

Jain and Snoeyink ternary model modified

The difference of this model compared to the previously
developed is that the energy of binding adsorption between
the metal species M, and sites By and Bc is distinct. From
these considerations, we can write the following mathe-
matical equations:

QmCCIbl
14+5,C, + b,C, + b3Cy

_ gmuCibui
14+ b,C

1 (21)
where g,,us gmc, bui, b1, b, and by are parameters of the
model.

For the metal species M, and Mj;, the equations are
identical to previously developed model given by Egs. 19
and 20.
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Fig. 1 Scanning electron microscopy of coconut fiber a (raw fiber),
b (activated fiber)

Table 3 Functional groups of coconut fiber identified by FTIR

Biomass Wavenumber (cm™") Functional groups
Coconut fiber 3423 —-OH

1621 -COOH

1442 -COO™

1058 -C-OH

Fig. 2 Comparison of FTIR
spectra by coconut fiber in raw 100 —
and activated forms
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Estimation of parameters

The parameters of the isotherms models were estimated by
using the simplex downhill method proposed by Nelder &
Mead (Nelder and Mead 1965) to minimize the objective
function, which gives Eq. 22:

n
F = Z (qllaxp _ qII\AOD)2+ (qup _ q12\40D)2+ (qup _ qgaoo)2
j=1

(22)

where 7 is the number of experimental data, ¢7*F,¢g5%P, and

g represent, respectively, the experimental concentrations
of ions in the biosorbent species M, M,, and Msj;
gY1OP, NP and g}I°P represent, respectively, the con-
centrations of ions species M, M,, and M3 in the biosor-
bent calculated by the model.

Normalization of the data

With the objective of facilitating the construction and

interpretation of the figures, the concentrations were nor-

malized using Eq. 23.
qi

qman

(23)

Ynorm; =
where Gnorm; is the concentration of the normalized ele-
ment, g; is the element concentration, and Gmax; is the
maximum concentration.

Results and discussion

Physical characterization

Figure 1 presents the micrograph images of coconut fibers

before and after activation by scanning electron micro-
scopy. It is possible to note modifications on the surface of

-- Activated fiber
-- Raw Fiber
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the activated form caused by the HNO5;/NaOH solutions,
exposing clearly its pores.

Real density, apparent density, and surface area

The real and apparent densities of activated fiber (1.6 and
0.2 g/em’, respectively) were lower than that of raw fiber
(1.7 and 0.3 g/em’, respectively). However, the surface
area of the activated fiber (8.6 m?*/g) was approximately
28.0% higher than that of a raw one (6.2 mz/g), which
difference could be attributed to the changes caused
chemical treatment, shown in Fig. 1.

The real densities obtained in this study are higher than
those described by the works of (Rozman et al. 2000),
(Brigida et al. 2010), and (Ali 2010) and can be justified by
the selection of fibers with diameters between 0.297 and
0.500 mm performed this work.

Fourier transform infrared spectroscopy (FTIR)

Functional groups identified by the transmittance spectra
obtained by FTIR of biomasses are presented in Table 3.
The comparisons of the spectra of biomass, crude and
activated, are observed in Fig. 2.

In coconut fiber is observed the occurrence of band
3451 cm™' that is characteristic of the axial vibration of
the OH group. The carbonyl group (COOH) and ester
(COO-C) are observed in 1621 and 1442 cm” !,
respectively, and the band observed at 1058 cm™' is
related to the stretching vibration of the C—OH group
(Ahalya et al. 2010). The activation process did not
represent changes in functional groups present in coco-
nut fiber (Fig. 2).

Biosorption assays
Kinetics experiment

Figure 3 shows the results of biosorption as a function of
time for uranium (total) (A), Am-241 (B), and Cs-
137(C) using the different types of biomass.

The results of the kinetic experiments of the biosorption
processes (Fig. 3) showed that equilibrium was reached
approximately after 2 h for all biomasses and radioactive
elements. No variation in pH value was observed before
and after the biosorption process (around 2-3).

Comparison between the biosorbents in biosorption assays
Table 4 shows the biosorption capacity values at equilib-

rium obtained in kinetics experiments, observed after 2 h
for U (total), Am-241, and Cs-137.

Uranium and americium uptake was higher in activated
coconut fiber, unlike the cesium, where no significant dif-
ference was observed. Quantities of Am-241 and Cs-137
removed were much lower than that of uranium, because
their initial concentrations in radioactive liquid waste are
much lower, making it impossible to realize an affinity
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E
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Fig. 3 Evolution of the uranium total (a), americium (b), and cesium
(c) biosorption in function of time
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Table 4 Biosorption capacity in the experimental equilibrium for U (total), Am-241, and Cs-137

Biomass Uranium Am-241 Cs-137

(mg/g)* (mmol/g)* (mg/g)* (mmol/g)* (mg/g)* (mmol/g)*
Raw coconut fiber 0.66 + 0.10 (27.7 £ 4.2)E-07 (463 &+ 7.8)E—-06 (19.2 £ 3.2)E—11 (44.7 + 8.9)E—09 (32.6 + 6.5)E—14
Activate coconut fiber 1.82 + 0.04 (76.5 + 1.7)E—07 (73.4 £ 53)E-06 (30.5 £ 2.2)E—11 (37.7 £ 4.6)E-09 (27.5 £ 3.4)E—14

*X £+ s (mean + SD)

Table 5 Isotherms parameters measured to raw and activate coconut fiber

Parameters/models Raw fiber Activated fiber
Langmuir Langmuir  Ternary Jain and Langmuir Langmuir  Ternary Jain and
ternary ternary Jain and Snoeyink ternary ternary Jain and Snoeyink
adsorption with two Snoeyink ternary model  adsorption with two Snoeyink ternary model
model sites model modified model sites model modified
qmc (mmol/g) 5.90E—-06 472E-03  5.77E-06  5.70E—06 4.97E—-03 1.31E-02  1.57E—-06 9.42E—-07
b, (L/mmol) 3.10E+403 - 3.13E+03 3.21E+03 7.00E4-00 - 1.04E+04 3.73E4+03
b, (L/mmol) 1.26E+04 8.75E4+01  1.30E404 1.33E+04 3.80E+01 1.43E+01  2.87E405 2.99E+05
b; (L/mmol) 6.61E+02 476E—01  6.82E4+02  6.99E+02 1.06E—01 4.02E-02  1.01E+403 9.62E+02
¢mu (mmol/g) - 4.62E—06  1.01E-07 6.61E—08 - 8.92E—-06  8.91E—-06 8.45E—06
by (L/mmol) - 496E+03 - 6.08E+03 - 231E+04 - 2.15E+04
ADD, 6.31 2.07 6.73 5.86 36.17 6.02 86.82 6.33
ADD, 491 15.29 491 4.95 16.51 16.56 23.54 7.13
ADD; 5.44 13.98 5.56 5.75 29.42 29.46 19.42 17.23
ADD (average) 5.55 10.45 5.74 5.52 27.37 17.35 43.26 10.23

analysis of the biomass and elements. This is because the
intermolecular forces acting on the sorption process are
dependent on the concentration (Volesky 2003).

The results show that the activation process for the
coconut fiber resulted in an increased sorption capacity,
probably due to the increased specific surface area.

The activated form of coconut fiber presented sorption
capacity 60% higher for the Am-241. Cs-137 was the least
adsorbed element in all tested forms of biomass, with no
significant differences being observed in the adsorption of
this radionuclide.

It was not found in the literature biosorption studies of a
ternary system (Am-241, Cs-137, and U) as described here.
There are biosorption studies of single elements in simu-
lated wastes, which do not allow a direct comparison.

For instance, in 2012, (Aly and Luca 2012) published a
study on the implementation of Arabica coffee powder
residue, after its use in an espresso machine, in removing
uranium. In their study, maximum sorption capacity of
34.8 mg/g was achieved, 10% higher than the results
obtained in this study. Results with coconut fiber were also
lower than those found in the literature, but none used real
radioactive waste. The works of (Parab et al. 2005) and
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(Monteiro and Yamaura 2007) reported 235.27 and
27.00 mg/g removal, respectively, studying the biosorption
of uranium by coconut fiber in solutions prepared with
deionized water at different pHs.

There are no reports in the literature describing the
biosorption of americium by lignocellulosic materials. The
biosorbent studied in this work showed a lower removal
capacity when compared with biosorbents such as Rhizo-
pusarrihizus (Liao et al. 2004), Candida sp (Luo et al.
2003), and Saccharomyces cerevisiae (Liu et al. 2002),
which removed between 094 and 237.9 MBg/g
[(7.45-1880.0 mg/g) (3.09E—05 to 780E—05 mmol/g)].
However, variations in experimental conditions such as
time, temperature, and biosorbent/waste ratio should be
tested to make a better comparison between biosorbents
and determine the Am-241 removal mechanisms.

The biosorption of Cs-137 observed in this study
is similar to that obtained by (Mishra et al. 2007),
which observed a removal of 9-4200 Bq/g [(1.77-
852.00E—10 mg/g) (1.32-636.00E—13 mmol/g)] of Cs-
137 by rice husk. Probably, the low cesium sorption
capacity is justified by a high concentration of hydrogen
ions in the medium (pH = 4). These cesium ions compete
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Fig. 4 Adsorption capacity in the experimental equilibrium for raw coconut fiber according to the models: Langmuir ternary adsorption (a);
Langmuir ternary with two sites (b); ternary Jain and Snoeyink (c); Jain and Snoeyink ternary modified (d)

with the binding sites present in the rice husk reducing its
adsorption (Mishra et al. 2007).

Sorption isotherms

The models of equilibrium adsorption of a ternary system
of Langmuir, Langmuir with two sites, Jain Snoeyink, and
modified Jain Snoeyink were used to describe the experi-
mental data of equilibrium. The parameter values obtained
in gmax; models (maximum biosorption capacity at site 1),
b (rate of adsorption and desorption), gmax> (maximum
biosorption capacity at site 2), bb; (rate of adsorption and
desorption of uranium in two sites), ADD (relative error),
ADD average (average relative error of the three metals)
are presented in Table 5. The indexes 1, 2, and 3 refer,
respectively, to the metals uranium (total), Am-241, and
Cs-137. Graphical representations of the adjustment to all
models are shown in Fig. 4 (raw fiber) and Fig. 5 (activated
fiber). The adjustment quality of the ternary equilibrium

data is in the same figure, and the concentrations of
adsorbed metal were normalized using Eq. 24:

Gy =~ (24)
dmaxj

where g,; is the concentration normalized of species J, g; is

the concentration of species j in the biosorbent, ¢,,,,; is the

maximum concentration experimental of species j concen-

trations in the biosorbent.

Considering the mean relative error values ADD pre-
sented in Table 5, the biosorption process using coconut
fiber as biosorbent in the raw and activated states is best
described by Jain and Snoeyink ternary modified model
that assumes the presence of two kinds of sites that have
different binding energies of adsorption. The values of g,y
and g,,c parameter for the (uranium) were close to the
experimental values.

The mean relative error values presented in Table 5 for
the models of Langmuir ternary and Jain and Snoeyink
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indicate a good adjust of the experimental data of coconut
fiber in the raw state. However, these models do not adjust
the experimental data for activated coconut fiber.

The parameter b of isotherm models is connected with
the metal affinity for sites of the adsorbent material. The
higher values of these parameters as compared to the
raw and activated biomass are different, showing that the
chemical treatment modified adsorbent properties and
hence influenced its adsorption capacity. For all forms
and models evaluated, the values of the parameters
b showed the same affinity sequence, or b, (Am-
241) > b(U) > b3 (Cs-137). This behavior shows that
the models are consistent with evaluation of experi-
mental data.

Conclusion

The results obtained in the experiments allow us to con-
clude that:

’r @ Springer

The activation resulted in an increased sorption capacity
of coconut fiber. The activation process has changed the
density of biomass, causing its reduction. For the coconut
fiber, activation increased specific surface area. The kinetic
and isotherm ternary models have been effective to assess
the simultaneous biosorption of uranium, cesium, and
americium in organic liquid radioactive waste. All tested
biosorbents presented biosorption capacity. However,
activated coconut fiber proved the most suitable for the
treatment of liquid waste containing Am-241, Cs-137, and
uranium because they have greater sorption capacity.
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