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Abstract

Rice and coffee husks (raw and chemically activated) are examined as potential biosorption materials regarding their capacity to
remove U (total), **' Am, and '*’Cs. The physical parameters evaluated were the morphological characteristics of the biomass,
real and apparent density, and surface area. Contact times for the batch experiments were 0.5, 1, 2, and 4 h, and the concentrations
tested ranged between 10% of the total concentration and the radioactive waste itself without any dilution. The results were
evaluated by experimental sorption capacity, ternary isotherm, and kinetics models. The kinetics results showed that equilibrium
was reached after 2 h for all biomass. Raw coffee husk showed the best adsorption results in terms of maximum capacity (¢max)
for all three radionuclides, which were 1.96, 39.4 x 107, and 46.6 x 10° mg g{1 for U, Am, and Cs, respectively. The
biosorption process for the raw and activated rice husks was best represented by the Langmuir ternary isotherm model with
two sites. For the coffee husk, in the raw and activated states, the biosorption process was best described by the modified Jain and
Snoeyink ternary model. These results suggest that biosorption with these biomaterials can be applied in the treatment of liquid
organic radioactive waste containing mainly uranium and americium.

Keywords Biosorption - Coffee husk - Rice husk - Uranium - Americium - Caesium

Introduction sustainable use. The literature describes the efficiency of ag-

ricultural residues in biosorption (Liao et al. 2004; Kumar and

In the field of biosorption, most studies have been conducted
with sorption of heavy metals and related elements, including
actinides, lanthanides, and metalloids. Among biosorbents,
agricultural residues stand out, being low-cost materials with
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Bandyopadhyay 2006; Krishnani et al. 2008; Li et al. 2010),
including rice husk and rice straw (Mishra et al. 2007; Rocha
et al. 2009), and coffee husk (Oliveira et al. 2008a; Alhogbi
2017).

Rice husk is insoluble in water; has good chemical stabil-
ity; has high mechanical strength; and has functional groups in
its structure such as OH, Si-OH, C-H, C=0, C=C, CH,, CHj,
CO, Si-0-Si, C-C, Si-H, and —O—CH3;, which confer quali-
ties as an absorbent material for heavy metal treatment in
aqueous effluent (Mishra et al. 2007; Ma et al. 2011). Coffee
husk also has interesting functional groups in relation to its
adsorbent capability, such as -OH, -COOH, and C=0. The
biosorption capacity of these materials may be improved by
modifying their structure with chemical treatments, which
may increase the active bond sites, improve the ion exchange
properties, and generate new functional groups, promoting
better metal absorption (Mishra et al. 2007, Wan Ngah and
Hanafiah 2008; Rocha et al. 2009). Biosorption can be thus a
feasible, cheap, effective, and easy method for the treatment of
liquid organic radioactive waste (LORW).
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There is a considerable amount of literature on biosorption
of uranium, including by bacteria (Wei et al. 2019; Wang et al.
2019), yeast (Bai et al. 2010; Lu et al. 2013; Zheng et al.
2018), algae (Bagda et al. 2017), macrophytes (Yi et al.
2016a; Vieira et al. 2019), pollen pini (Wang et al. 2015),
black hair (Saini and Melo 2015), and fungi (Wang et al.
2010; Pang et al. 2011). Biosorption of americium is also
found in the literature, using biomaterials including fungi
(Dhami et al. 2002; Luo et al. 2003; Liao et al. 2004) and
yeast (Liu et al. 2002). Biosorption of caesium is scarce in
the literature. Examples of biosorbents are mucilaginous seeds
(Chakraborty et al. 2007), rice husk (Mishra et al. 2007), and
microalgae (Lee et al. 2019).

Nevertheless, most researchers have used a simple adsorp-
tion isotherm models to explain the adsorption behaviour in
the presence of multi-metals in solutions. For the accurate
design of the biosorption separation processes, the adsorption
equilibrium and kinetics are addressed in this work. While the
equilibrium data provide the efficacy of biosorption, the ki-
netics experiments give the optimal conditions for a full-scale
process (Febrianto et al. 2009).

Rice and coffee husks were chosen as biosorbents in this
work, because these materials have presented interesting re-
sults for the removal of non-desirable compounds or metals.
For instance, Raoul et al. (2014) showed that rice and coffee
husks are suitable for adsorbing phenol from aqueous
solution. Ajmal et al. (2003) indicated that rice husk can be
utilised as an adsorbent for the removal of Cd(II) from waste-
water. Oliveira et al. (2008a) used coffee husks effectively as
potential biosorbents for the treatment of dye-contaminated
waters and (Oliveira et al. 2008b) in the removal of heavy
metals from aqueous solutions.

In this work, the capacity of rice and coffee husks was
evaluated, before and after chemical treatment, for removing
U (total), 241Am, and '37Cs from LORW. As far as we know,
these biomaterials have not been previously addressed for
their capacity to remove multicomponent radionuclides from
this type of waste. Moreover, detailed kinetics models have
not been previously discussed for the biosorption process with
rice and coffee husks as biosorbents. In the present work,
ternary kinetics models are therefore proposed for this pro-
cess, considering the radionuclides U (total), 241 Am, and
137Cs. The results obtained in this study can be applied direct-
ly to the scaling up and process design, since the kinetics
constants obtained take into consideration all species present
in the LORW.

Materials and methods
Assessment of the ability of rice and coffee husks to remove U

(total), 241Am, and '¥’Cs in waste was performed using rice
and coffee husks in raw and activated forms. The radioactive
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liquid studied was composed of water; ethyl acetate
(196 mg L™"); tributyl phosphate (227 mg L™"); and the radio-
nuclides U (total), >*' Am, and '*’Cs. The pH value was 2.17,
since there is a significant amount of nitric acid in the liquid
waste. The concentrations of the radionuclides in this real
radioactive waste were U (total) = (1.100+0.086) x
10> mg L', *'Am = (1.800+0.002) x 10~ mg L', and
137Cs = (6.800+0.001) x 10 mg L™". This waste was gen-
erated from research and development activities in the nuclear
fuel reprocessing field. More information on the characteris-
tics of this waste is provided elsewhere (Ferreira et al. 2012).

This work was divided into three stages: 1) preparation and
activation of the rice and coffee husks, ii) physical character-
isation of the biomass, and iii) batch biosorption experiments.
The biosorption process was analysed by ternary isotherm and
kinetics models.

Preparation of biomass

The rice and coffee husks were produced by Arroz Vale do
Sul® and Grupo Sara Lee®, respectively. The husks were
washed with distilled water, oven-dried (Fanem, Brazil) at
80 °C for 24 h, sterilised by UV radiation (Hexiclean,
China), chopped, and sieved (Telastem, Brazil) to obtain par-
ticle sizes between 0.297 and 0.500 mm. Part of the biomass
was used directly in batch biosorption experiments (so-called
raw husk), and part was separated to carry out an activation
procedure through chemical modification (so-called activated
husk).

Activation of biomass

The husks were activated by chemical modification according
to the procedure described by Rocha et al. (2009). Activation
was performed with the addition of 1.0 mol L™ of HNO;
solution (Merck, Brazil) and 0.75 mol L™ of NaOH (Merck,
Brazil) to 10 g of triturated biomass, followed by filtration
(slow filtration, @ =0.45 pum) (Millipore, USA) and washing
steps, and subsequent heating at 60 °C (Ferreira et al. 2018).

Physical characterisation

The physical properties (both raw and activated) of the rice
and coffee husks were also analysed. Morphological charac-
teristics of the husks were evaluated by scanning electron
microscopy (Model XL30, Philips, Netherlands). The real
density was determined by helium pycnometry (Model
1330, Micromeritics, USA), and the apparent density was de-
termined by weight/volume comparison. Finally, the surface
area of the biosorbents was determined by using the BET
method (ASAP 2010 apparatus, Micromeritics, USA), based
on nitrogen adsorption—desorption isotherms at 77 K.
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Biosorption experiments

Biosorption experiments were performed using 0.2 g of rice or
coffee husk suspended in 10 mL of solutions prepared with
distillate water and the LORW diluted to a concentration
range of radionuclides from 10 to 100%. The suspensions
were shaken (150 rpm) at room temperature for 2 h. At the
end of the experiment, the biomass was separated by filtration.
The concentration of each radioisotope remaining in the fil-
trate was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) and gamma spectrometry.
All experiments were performed in triplicate. All results are
given by their mean =+ standard deviation.

Determination of U (total) by ICP-OES

The total uranium in the samples was quantified by ICP-OES
(model 7000DV, PerkinElmer, USA). To perform the analy-
sis, a calibration curve was prepared using a standard uranium
solution (Matthey Johnson Company). 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 and '*’Cs by gamma
spectrometry

137Cs and **' Am measurements were carried out by gamma
spectrometry (Canberra Industries, USA, model GX4510
HPGe detector with a beryllium window of 0.5-mm thick-
ness). The detector shielding is composed of a lead wall
(thickness 105 mm), copper wall (2 mm), and lucite wall
(4 mm). '¥’Cs and **' Am activity concentrations were calcu-
lated by using the following specific energy photopeaks:
661.66 and 59.54 keV, respectively.

Fourier transform infrared analysis

The functional groups present in the biomass were analysed
with an absorption spectrometer in the Fourier transform in-
frared analysis (FTIR) region (Bomem MB brand, arid-zone
series, Model-MB104, Canada). For this analysis, pellets con-
taining 5 mg of biomass and 200 mg of KBr were prepared,
and infrared spectra were obtained in the region of 400—
4000 cm™ .

Mathematical modelling of the biosorption process

Equation 1 describes the metal uptake of species j by the
biosorbent:

(Cy~Cy)V  j = Total U,241Am, or 137Cs
Mpio bio = rice or coffee husk

(1)

q; =

where C;; and Cy are the initial and final concentration of
metal species ; in solution (mg L"), my;, is the dry mass of
biosorbent (0.2 g), and V is the volume of solution (1 x
102 L).

Equilibria and capacity relationships for monocomponent
systems are well known as well as their numerous types of
adsorption isotherm. Modelling adsorption in multicompo-
nent systems is known to be more complex than that in a
monocomponent system, since there are more effects to be
included in those models. As mentioned earlier, this complex-
ity is due to the types of response when two or more metal ions
are involved in the biosorption process: synergism, antago-
nism, and non-interaction (Ting et al. 1991).

Studies on the use of biosorption are scarce in the treatment
of real liquid radioactive waste. For this reason, the modelling
of multicomponent adsorption in LORW is little known. In a
previous work, Ferreira et al. (2018) employed coconut fibre
to treat radioactive waste. The authors evaluated ternary kinet-
ics and isotherm models, which were effective for estimating
the simultaneous biosorption of uranium, americium, and cae-
sium in LORW. The need for improvement has led them to
new biosorption tests with different biosorbents.

In this report, we examine models based on Langmuir, and
Jain and Snoeyink models for ternary systems to evaluate the
biosorption of U (total), 241Am, and "3’Cs in the biomass. The
four models used to describe the biosorption equilibrium were
the Langmuir ternary adsorption model, Langmuir ternary
with two sites, the Jain and Snoeyink ternary model; and the
modified Jain and Snoeyink ternary model (Table 1).

These models were selected based on the results obtained
through FTIR, from which several functional groups that can
act as sites in the adsorption process were identified.
Therefore, the hypothesis of considering two types of site with
different energies is justified.

Also, two kinetics models were used to describe the
biosorption of U (total), 241Am, and "*’Cs in the biomass.
From the equilibrium model that best represented the equilib-
rium data, the selected model was used to represent the
biosorption kinetics for each biosorbent material.

As the ion concentrations differ by orders of magnitude,
depending on the radionuclide, all data were normalised. This
procedure ensures better parameter adjustment for all adjusted
variables regardless of the order of magnitude. The parameters
of the model isotherms were estimated by using a nonlinear
least-squares objective function minimised with the Neld-
Mead simplex algorithm (in Maple), which gives Eq. 12:

n 2 2 2
F= Zl (‘ILEJXI)*‘]TL\JAOD) + (qi)r;ﬁm"]%n?gm) + (qg(—})qugsg?y)
=
(12)

where F is the objective function; n is the number of ex-
: . EXP ,EXP EXP
perimental data; g™, gamo4r. and ggi 5, represent,
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Table 1 Adsorption isotherm models used to describe data. Adapted from Ferreira et al. (2018)

Model, number of parameters, and description Equation No.
* Langmuir ternary adsorption e 2)
— mC
* Four parameters 9\ = T55,C) +5,C, 75 C
« Considers competition for the three metals in the adsorption site occupation o 3)
_ Gmc 202
92 = 150, C1+5: G55 C
_ 9 C3b3 @
93 = 50 Ci+5:Co 705G
« Langmuir ternary with two sites tCrbus 5)
. — dmU
* Five parameters 91 = e G,
« Considers that metal 1 occupies only a fraction of sites g,y (Without competition). o (6)
In the other fraction of sites (¢,,¢), there is a (binary) competition for metals 2 and 3 q, = lJrZ;"sz—ibzscs
— _ 4ucCsbs )
43 = T5b,C4+5:C5
. T'ernary Jain and Snoeyink e 4ucCiby ®)
« Five parameters 9 = T5c T T b G
« Considers that metal 1 occupies only a fraction of sites g,y (without competition). o )
In the other fraction of sites (g,,¢), there is a (ternary) competition for metals 4y = Hlncqlmfbw
1, 2, and 3; in addition, the interaction forces between the two types of site (10)
. _ mcC3b3
(gmu and g,,,c) for species 1 are the same q; = m
* Modified Jain and Snoeyink temary _ guChu 4Gl an
« Six parameters 9 =150 145, C1+b,Co+b3C3
« Considers that metal 1 occupies only a fraction of the sites ¢,,,¢; (Without competition). ¢>: same as Eq. 9
In the other fraction of the sites (g,,¢), there is a (ternary) competition for metals 1, 2, gs: same as Eq. 10
and 3; in addition, the interaction forces between the two types of site (¢,,;; and ¢,,,c) ¥ ’
for species 1 are different
a
0.5 1.0 1.5 2.0 2.5 3.0 35 40 45 S0
kev
b cps/eV.
25
2
15
1
5
— e — — —
0.5 1.0 1.5 2.0 2.5
keV

Fig. 1 SEM image (left) and corresponding EDS spectra (right) of a raw rice husk and b activated rice husk. Mass percentages (norm.). a Si (50.00%), K

(40.52%), C1 (7.62%), and Mg (1.86%). b Si (90.10%) and Na (9.90%)
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Fig. 2 SEM image (left) and corresponding EDS spectra (right) of a coffee raw husk and b activated coffee husk. Mass percentages (norm.). a K
(64.11%), Mg (11.81%), Ca (11.75%), P (8.27%), and S (4.06%). b Al (58.37%) and Na (41.63%)

respectively, the experimental concentrations of ions in the
biosorbent species U (total), **'Am, and '*’Cs; and ¢}°P,
gNoP,, ., and ¢gMOD.. represent, respectively, the concentra-
tions of ions species U (total), 241Am, and *’Cs in the
biosorbent calculated by using the model.

Results and discussion
Physical characterisation

Figures 1 and 2 present the micrograph images of rice and
coffee husks, respectively, before and after activation by scan-
ning electron microscopy with energy-dispersive X-ray spec-
troscopy (SEM-EDS).

Modifications were observed on the surface of the activated
forms caused by the acid/base (HNOs/NaOH) solutions and
by increased pore exposure. EDS spectra of the rice husk (Fig.
1) show the existence of three main peaks in its raw form (Fig.
la): Si, K, and CI. In contrast, the activated form indicated a
predominant peak for Si (Fig. 1b). It is noteworthy that the rice
husk may contain a significant amount of Si0,—14.8% of the
total mass (Korotkova et al. 2016). EDS spectra of the raw
coffee husk (Fig. 2a) show that this material has K, and lower
amounts of Mg, Ca, P, and S. After activation (Fig. 2b), none
of these compounds were observed. The presence of Na and

Al in the activated coffee husk is due to the activation process
(Fig. 2b).

Real density, apparent density, and surface area
Table S1 details real and apparent densities, and the surface

area of raw and activated husks. The real density is the specific
weight of the solid phase of the particles or the density of the

Table 2 Functional groups of rice and coffee raw husks identified by
FTIR

Biomass Wavenumber (cm™') Functional groups
Rice husk 3451 -OH
2882 -CH
1733 —C=0
1467 —CH, and —-CH;
1066 —Si-O-Si, C-S-H, and —-OH
550 Si-H
3430 -OH
Coffee husk 2925 —-CH
1654 —-C=C
1454 -COO™
1029 -C-0-C
816 —-C-C
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Fig. 3 Evolution of total uranium a
(a), americium (b), and caesium
(¢) biosorption as a function of 2.0E+00 ~
time. A Raw coffee husk. 2
Activated coffee husk. @ Raw rice
husk. o Activated rice husk ~1.5E+00
)
o0
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particles themselves. The apparent density is the weight of the
husks per unit volume and consists of the solid particles and
the volume of their pores. The values of all parameters slightly
decreased in the activated forms of the husks, which can be
justified by the removal of material from the biomass surface.

@ Springer
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Nevertheless, this variation was minor. Figures 1 and 2 high-
light the contrasting visuals in relation to surfaces without and
with chemical treatment. The real and apparent rice husk den-
sities are higher than that for pine cone shell (Almeandros
et al. 2015) and similar to those of the brown algae
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Sargassum filipendula (Cardoso et al. 2018). On the other
hand, Ferreira et al. (2018) presented higher values for coco-
nut fibre.

FTIR

The activation procedure was able to modify the functional
groups presented in the biomass (Table 2 and Fig. S1) and to
change both types of biomass significantly.

For the rice husk (Fig. Sla), the activation was most sig-
nificant at 550 cm ', indicating an absence of the silicic acid
functional group. On the other hand, activated coffee husk
recorded the absence of three functional groups: —CH, ether,
and alkene (Fig. S1b).

Biosorption assays
Kinetics experiments

Figure 3 reports the results of biosorption as a function of time
for U (total) (a), >*' Am (b), and *"Cs (c) using coffee or rice
husk, in raw and activated forms.

The kinetics results for removal of the three radioactive
species showed that equilibrium was reached after 2 h for all
biomass. Shehee et al. (2012) reported that the time to reach
equilibrium for the removal of U and Pu by titanium-based
materials was 96 h. Tripathi et al. (2011) found that 3 h was
enough to achieve equilibrium for the sorption of **' Am in the
presence of other radionuclides. Interestingly, our results were
superior in terms of time to reach equilibrium.

Table S2 details the biosorption capacity at equilibrium in
kinetics experiments. The measured biosorption capacities
were those obtained after the equilibrium time (2 h). The
highest experimental sorption capacities were obtained with
raw coffee husk for all radionuclides, followed by activated
coffee husk for uranium sorption. For the sorption of americi-
um and caesium, activated husks showed similar capability.

The absolute masses of **' Am and '*’Cs removed were
much lower than those for uranium, since their initial concen-
trations were much lower. Note that actual radioactive waste
was utilised in this work; therefore, the addition of americium

and/or caesium would be inappropriate. It is important to em-
phasise that the affinity obtained was also influenced by the
initial concentration of the radionuclides studied. The affinity
behaviour may change drastically when working with initial
concentrations with different orders of magnitude (Volesky
2003). This impeded a thorough affinity analysis between
the elements and the biomass.

In the case of coffee husks, the activation process caused
changes in the structure that slightly reduced the uranium
sorption capacity (raw coffee husk 1.96+0.04 mg g ' versus
1.76+£0.04 mg g ' for activated coffee husk). As for rice
husk, the activation process resulted in an increased sorption
capacity (raw rice husk 0.47+0.13 mg g ' versus 0.82 +
0.04 mg g ' for activated rice husk), probably due to the
removal of ions which compete for the adsorption sites.
According to Rocha et al. (2009), rice straw is composed of
cellulose, hemicellulose, lignin, extractives, water, and miner-
al ash, presenting a large amount of SiO,. By the activation
process, lignin is immediately available to combine with cat-
ions by proton exchange and chelation with the metallic ions.

A prediction based on the ionic properties of the metals
involved in a multi-metal system can assist in understanding
the adsorption mechanism. The results indicate that U(VI) is
the most adsorbed ion among the three metal ions studied,
since it has better accessibility to the pores as it has the
smallest ionic radius compared with Am and Cs (Table 3).
Moreover, since hydrated radii increase as a function of atom-
ic number in the actinide series (increased covalency increases
the number of water ligands), Am also has a higher hydrated
radius compared with U, indicating less accessibility of the
Am ion (Katz et al. 1987). The highest standard reduction
potential (Table 3) observed was for U, exhibiting a stronger
ionic interaction with the electron-rich surface of the adsor-
bents (Mohan and Singh 2002).

Biosorption studies of ternary systems (e.g. uranium, am-
ericium, and caesium) are scarce in the literature. In fact, the
only work found that studied the ternary system for these three
chemical elements was that previously published by Ferreira
et al. (2018). However, there are biosorption studies of single
elements in simulated waste that can provide an indirect
comparison.

Table 3  Ionic properties of uranium, americium, and caesium (Katz et al. 1987; Krestou et al. 2003)

Property Ui Am(III) Cs(I)
Atomic weight 238.02891 243 132.90545
Electronic configuration Rn 5f3 6d1 7s2 Rn 5£7 7s2 [Xe] 6s1
Electronegativity 1.38 1.3 0.79

Ionic radius (A) 1.75 2.00 3.00
Coordination number 5 10.3 >6

U +3¢ = U(s)(~1.66)
UH+e = U (-0.52)

Standard reduction pot. (V)

Am>* + 3¢ = Am(s)(-2.07) Cs*(aq) +e = Cs(s) (—2.92)
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Activated rice husk

Isotherm parameters measured for raw and activated rice husk
Raw rice husk

Table 4

@ Springer

Jain and Snoeyink ~ Modified Jain and

ternary model

Langmuir ternary ~ Langmuir ternary

Jain and Snoeyink ~ Modified Jain and

ternary model

Langmuir ternary ~ Langmuir ternary

Parameters/models

Snoeyink ternary model

with two sites

adsorption model

Snoeyink ternary model

with two sites

adsorption model

5.74x107°

6.15x10°
9.15%10°
1.85 % 10*

4.46x10°

1.92x 10710

5.79%10°°

261x10°
2.79% 103

9.62x107* 2.87x10°°

329%10°

Gmax1 (mmOl ggl)
b, (L mmol ")
b, (L mmol )
b5 (L mmol )

8.16 x10°
1.85 % 10*

453x%10°

8.98 x 10°

2.83x10°

3.75%10°

3.63x10°

1.97 x 10*
4.56%10°

1.09 x 10*
2.97 % 10*

9.61 x 10°
2.98 x 10*

13.8

8.75x 10°

1.05% 108

51.9

3.02 x 10*

2.62x107" 6.85%1077

3.69%10°°

1.21x10°°
2.92x10°
7.38

9.43x1077

2.69 x 10°

Gmax2 (mm()l g‘l)
bb; (L mmol )

ADD,

1.71 x 10*
15.94
11.49
8.55

4.10x10*
7.70

5.61 x10°

3.14

15.45
11.85
10.07
12.46

16.84
11.96
9.53

25.62
32.73

5.50

12.75
797
9.47

32.81

31.04 41.91

22.57

ADD,

17.53
19.24

18.37

25.57

0.17

ADD;

11.99

12.78

15.07

19.70

ADD (average)

Yi et al. (2016b) studied coconut husk activated carbon
(CHAC) as a biosorbent for the uptake of U(VI) from aqueous
solutions. They found that the maximum capacity of CHAC
was 6.67 mg g~ ', which is superior to ours (max =
1.96 mg g ). Luo et al. (2003) evaluated Candida sp. for
the biosorption of **' Am in the presence and absence of
Au’* or Ag*. The values they obtained were far superior to
ours, with a maximum capacity of 501.8 x 10> mg g .
Mishra et al. (2007) studied the biosorption of caesium by rice
husk. They studied the removal in terms of radioactive activity
and observed a reduction of between 9 and 4200 Bq g~'
((1.77%x107"% t0 852.00x 10 " mg g™"), (1.32x 107" to
636.00 x 10" mmol g ")). The biosorption of *’Cs observed
in the present study is similar to that found by Mishra et al.
(2007). According to these authors, the low sorption capacity
of caesium can be justified by the high concentration of hy-
drogen ions in the medium (our work pH = 2.17). In the pres-
ence of caesium ions, competition between these elements can
occur through the binding sites present in the rice husk, reduc-
ing their adsorption. Recently, Lee et al. (2019) employed
microalgae to remove radioactive caesium from contaminated
water. They observed a different result compared with our
work, with 95% removal of soluble '*’Cs in 48 h using
Haematococcus pluvialis red cyst, and both H. pluvialis inter-
mediate cells and Chlorella vulgaris showed 90% uptake ef-
ficiency of '*’Cs despite the slow uptake rate.

Ferreira et al. (2018) demonstrated different sorption ca-
pacities using raw and activated coconut fibres. Concerning
maximum sorption capacity, the present work highlighted
greater uranium sorption (raw coffee husk 1.96 +
0.04 mg g ' versus raw coconut fibre 1.82+0.04 mg g "),
lower americium sorption (raw coffee husk 39.4 +1.8 x
107 mg g' versus activated coconut fibre 73.4 +5.3 x
10° mg g "), and similar caesium sorption (raw coffee husk
46.6+4.1 x10° mg g ' versus raw coconut fibre 44.7 +
89x10 mgg M.

Sorption isotherms

Langmuir, two-site Langmuir, Jain and Snoeyink, and modi-
fied Jain and Snoeyink ternary systems were used to describe
the experimental data in terms of mathematical expressions
(Table 1). Tables 4 and 5 show the values obtained for the
following parameters: ¢a,; models (maximum biosorption
capacity at site 1), b (adsorption and desorption rate), ¢max>
(maximum biosorption capacity at site 2), bb; (adsorption rate
and uranium desorption at the two sites), ADD; (relative error,
i= (1) uranium, (2) americium, (3) caesium), and ADD aver-
age (average relative error of the three metals). Figures 4, 5, 6,
and 7 depict the experimental and calculated values for raw
and activated forms of coffee and rice husks.

According to the calculated ADD values, the biosorption
process for the raw and activated rice husks was best
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consequently, this parameter can be used to choose the best
model. For the coffee husk, in the raw and activated states, the
biosorption process was best described by the modified Jain
and Snoeyink ternary model that considers the presence of
two types of site that have different adsorption energies. It is
important to note that the estimated values of the parameter

@ Springer

qMOD (mmol g™

Fig. 6 Experimental adsorption equilibrium data for raw coffee husk
versus the models. a Uranium. b Americium. ¢ Caesium. 0O, black
Langmuir ternary adsorption. o, red Langmuir ternary with two sites.
A, blue Jain and Snoeyink ternary. V¥, green Modified Jain and
Snoeyink ternary. ¢ Uranium. 0 Americium. A Caesium

Ggmax1 (uranium) are mostly in the same order of magnitude
(10°°) as the experimental values. The b parameter of the
isotherms is related to the affinity of the metal for the sites
of the adsorbent material. The values of these parameters
when compared with the raw and activated biomasses were
different. Therefore, the chemical treatment modified the
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properties of the adsorbent and, consequently, influenced the
adsorption capacity. The affinity sequence given by parameter
b varied depending on the biomass and its form: (raw rice
husk) b5 (*’Cs) > b, (**'Am) > b, (U), (activated rice husk)
by C*'Am) > by (U)> by (**7Cs) or by (*¥7Cs) > b, **'Am) >
b, (U), (raw coffee husk) b, **'Am)> b, (U) > b5 (**’Cs), and
(activated coffee husk) b, (U) > b, C*'Am) > b; (*¥7Cs).

Biosorption kinetics

The two-site Langmuir, and Jain and Snoeyink ternary models
were selected from the results obtained from adjustment of the
equilibrium data. These models were used to evaluate the
kinetics of metal removal. Tables S3 and S4 show the param-
eter values obtained for these models, respectively. The full
concentration profiles of experimental and modelling data are
also shown in the supporting information (Figs. S2, S3, S4,
and S5). The parameters evaluated are gp,.x1, k; (adsorption
rate), k_; (desorption rate), Sa (binding site 1), Sb (binding site
2), gmax2, bb1, ADD; (relative error), and ADD (average)
(mean relative error for the three metals). Indices 1, 2, and 3
refer respectively to the metals: uranium (total), americium,
and caesium.

Conclusions

The effect of rice and coffee husks (raw and chemically acti-
vated) on the adsorption of U (total), 24 Am, and "*"Cs in real
liquid organic radioactive waste is presented and analysed in
this work for the first time in literature. Another point of in-
terest is the prediction based on the ionic properties of U, Am,
and Cs, which explained the different sorption capacities ob-
served. To the best of our knowledge, there is no report of
such prediction for these three elements with experimental
data validation. Activation by acid/base treatment resulted in
increased sorption capacity for rice husk and decreased sorp-
tion capacity for coffee husk, and slightly modified surface
area of both materials. The values of maximum adsorption
capacity for raw rice husk were 0.47+£0.13 mg g ' (U (total)),
14.4+0.5x10° mg g ' (**'Am), and 19.8+1.4 x

10° mg g ' (**’Cs). For activated rice husk, the values were
0.82+0.04 mg g ' (U (total)), 27.2+1.5x10 ° mg g !
(Y'Am), and 45.2+8.9x10° mg gf1 (*¥’Cs). For raw coffee
husk, the values were 1.96 +£0.04 mg gﬁ1 (U (total)), 39.4 +

1.8x10° mg g' **'Am), and 46.6+4.1x 10" mg g*
(137Cs). For activated coffee husk, the values were 1.76 +

0.04 mg g ' (U (total)), 25.9+3.6x10° mg g' **'Am),
and 43.8+4.0x10°° mg g ' ("*’Cs). In the kinetics tests,
equilibrium was reached after 2 h of contact for all biomass
and elements. The ternary isotherm and kinetics models were
effective for evaluating the simultaneous biosorption of urani-
um, caesium, and americium in LORW. All biosorbents dem-
onstrated biosorption capacity. However, the raw coffee husk
was the most suitable for the treatment of liquid waste con-
taining U (total), >*' Am, and *’Cs, because of its higher sorp-
tion capacity in comparison with the rice husk. Low sorption
capacity for '*’Cs was identified and explained by the low pH
(2.17) of the waste studied because of the high concentration
of hydrogen ions in the medium, which competed for the
biomass binding sites. Further work is required to identify

@ Springer
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the major functional groups involved in metal recovery by
these types of biomass. A thorough analysis of these com-
pounds is also necessary for a more in-depth discussion of
why each type of biomass produced different results when
used to adsorb these radionuclides. Finally, the determination
of the thermodynamic parameters is also needed for a better
understanding of the process.
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