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ABSTRACT

Milled banana husk, was subjected to a fast solution combustion process at different temperatures
(200-900°C) to obtain ashes with determined adsorptive properties to remove radioactive pollutants
from aqueous media generated by the nuclear industry. Particularly, in this work, the ashes were
used to adsorb traces of “’Co in presence of macro quantities of Fe(III) labeled with *Fe to follow the
sorption in aqueous solution taking account the radiotoxicity of “Co and the abundance of no-radio-
active Fe in the environment. For this purpose, dried banana husk (BHN) was first mixed with urea,
ammonium nitrate and deionized water; then, the mixture was heated for 5 min in an oven from
200 to 900°C under standard atmospheric conditions. The obtained materials were characterized
by Scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FT-IR), BET analysis (BET). For the sorption experimentation, the ashes samples were in
contact with ®Co in traces levels and Fe(III)-*Fe aqueous solutions (300 or 700 mg/L). The mixtures
were shaken and centrifuged to separate the phases. The ®Co and *Fe activities in the liquid were
determined by using a Hyperpure Germanium detector and selecting the 1.173 MeV and 1.099 MeV
energies, respectively. It was found that the ash obtained at 900°C showed the highest adsorption for
%Co (1.43 mg/g) in the presence of 300 ppm of Fe(IIT)-*Fe. This ash sample presents the highest spe-
cific surface area and contains sylvite, calicinite and dolomite as the principal mineral components.

The chemical species of iron could be involved as a carrier for ®Co in the sorption process.
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1. Introduction

Laboratory analyses of the radioactive pollutants dis-
charged from the nuclear power stations have shown that
137Cs, 1], and “Co, among others [1], are radionuclides that
may have an impact on the general population. In the case
of ¥Cs and “Co, they have relatively long half-lives and
may be present in trace amounts in the environment. Traces
of radionuclides dispersed into the environment during the
normal operation of nuclear facilities may contribute some
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radiation exposure to the population. Therefore there is a
demand to separate traces of radionuclides such as “Co
dispersed mainly into water bodies to eliminate that expo-
sure. Furthermore, Co is part of cobalamin, e. i. vitamin B, ;
however in high concentration it becomes a pollutant and
has been classified as a possible carcinogenic element by the
IARC [2]. Rashad et al. [3] used clays (bentonite, diatomite,
and sepiolite) as low-cost adsorbents for removal of Co(II)
radionuclides. They found a great effect of the solution
pH and the initial concentration (C) on Co(Il) adsorption.
The thermodynamic parameters (AG°, AH®, and AS°) were
calculated and the results showed that the present adsorp-
tion processes are feasible, spontaneous and endothermic
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in nature. Caron et al. [4] determined the behavior of ®“Co
and '¥Cs by size fractionation using ultrafiltration for con-
taminant removal and found that the contaminant concen-
trations varied significantly for both contaminants in two
samples taken in 2002 and 2004 (34.5 and 25.5 Bq/L for “Co,
25.5 and 97.2 Bq/L for '¥Cs). They also found that the size
fractionation (5,000 Daa nominal cut-off) remained consis-
tent between the 2002 and 2004 samples, as most of the “Co
(72%—-83%) remained in the filtrate, while almost all of the
¥7Cs (>98%) was retained along with the colloidal-sized
material.

Carbon materials have also been used as an adsor-
bent to separate Co from aqueous solutions. For instance,
Metwally et al. [5] used egg shell material as low-cost and
non-contaminant biosorbent for removal of **Cs, ®°Co, and
152:154Eu radionuclides from aqueous solution. The egg shell
material was calcined at 500 and 800°C, and then character-
ized. It was found that the uptake by calcined egg shell is
in the order: Eu(IIl) > Co(II) > Cs(I). Li et al. [6] studied the
effect of pH, temperature and solution concentration on the
uptake of °Co by the fungi Paecilomyces catenlannulatus by
batch technique. The results showed that the uptake of “Co
by P. catenlannulatus was independent of pH at pH < 5.0,
whereas the enhanced uptake of *Co was observed with
increasing pH from 5.0 to 8.0. The authors also found that
the adsorption isotherms can be fitted by the Langmuir
model very well and that the thermodynamic data indi-
cated that the uptake process of “Co by P. catenlannulatus
was an endothermic and spontaneous process. Other mate-
rials used to search the separation of “Co traces from aque-
ous solutions are Mg-Ln layered double hydroxides [7,8],
antimony oxide [9], zirconium vanadate [10], microcrystal-
line naphthalene [11]. In addition to adsorption [5,6], ion
exchange [9], coprecipitation [12] and microfiltration [13]
methods have also been used to separate “Co from aque-
ous solutions.

Iron exists in two forms, soluble ferrous ion (Fe*) and
insoluble ferric ion (Fe*). Ferrous ion can be oxidized to
ferric ion (Fe*) due to the pH and dissolved oxygen in
water [14,15]. Fe (II) and Co (II) may be occurring together
in groundwater, but the concentration of cobalt is found to
be usually much lower than the concentration of iron. The
presence of iron and cobalt in water may be attributed to
water percolating through soil and rock which can dissolve
minerals containing iron and cobalt and hold them in water.
The problems caused by Fe are not only aesthetic problems;
furthermore, indirect health concerns and economic issues
are other implications [15]. There are secondary standards
set to constrain the emissions of iron and cobalt in the
environment. The secondary standard maximum contam-
inant levels (MCLs) for iron and cobalt are 0.3mg/L and
0.040mg/L, respectively [16,17]. Therefore, it becomes nec-
essary to remove these heavy metals from wastewaters by
an appropriate treatment technology before releasing them
into the environment.

Thus, in this paper ashes obtained by aqueous combus-
tion of the banana husk at different temperatures were the
adsorbents to investigate the behavior of “°Co-traces in pres-
ence of macro quantities of Fe(III)-*’Fe to remove them from
aqueous solutions considering the textural characteristics
and the mineral composition of each obtained ash, as well
as the chemical speciation of the Co and Fe(III) in solution.

2. Materials and methods
2.1. Materials

The banana fruit was purchased from the market of
Ocoyoacac municipality, State of Mexico, Mexico. The husk
was removed from the banana fruit. The banana husk was
first washed with distilled water to remove dust and then
dried at 353 K for 5 h. This sample was pulverized with the
help of an Agatha mortar. This sample was referred as to
BHN.

2.2. Thermal treatment of banana husk

One point two grams (1.2 g) of dried banana husk (BHN)
were first mixed with urea (3 g), NH,NO, (1.5 g) and deion-
ized water (6 mL); then, the mixture was heated for 5 min
in an oven at 200, 400, 600, 700, 800, and 900°C under stan-
dard atmospheric conditions. The obtained materials were
referred as AshBH200, AshBH400, AshBH600, AshBH700,
AshBHB800 and Ash900, and all these samples as AshBH.
AshBH samples obtained at 600-900°C were dry solids and
were ground with an agate mortar; while the AshBH sam-
ples obtained at 200 and 400°C had a gummy consistency,
were discarded as they could not be dried and not ground,
either.

2.3. Characterization of ash samples
2.3.1. Scanning electron microscopy (SEM)

The obtained ashes were mounted directly onto scan-
ning electron microscopy samples holders. The images
were observed at 20 KeV with a Phillips XL30 electron
microscopy. Elemental chemical analyses of the materials
were carried out using energy X-ray dispersive spectros-
copy (EDS) with a DX-4 probe.

2.3.2. X-ray diffraction (XRD)

Samples of each compound under investigation were
characterized using XRD in a Siemens D5000 diffractometer
with Cu Ka radiation and a diffracted beam monochroma-
tor. The X-ray tube was operated at 35 kV and 20 mA. Crys-
talline compounds were conventionally identified with the
Joint Committee of the Powder Diffraction Standard (JPDS)
cards.

2.3.3. Fourier-transform infrared spectroscopy (FT-IR)

Infrared (IR) spectra were recorded in the 4000-400 cm™!
range for all of the samples BHN and AshBH, using a Nico-
let Magna-IR 550 FI-IR. Samples were prepared using the
standard KBr pellets method.

2.3.4. BET analysis (BET)

Specific surface areas and total pore volume of solid
samples were determined using the N, Brunauer-Em-
mett-Teller (BET) method. The analyser BELSORP-28SA
was used for this purpose. Before the analyses, the samples
were dried and degassed.
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2.4. Cobalt and iron solutions

2.4.1. ®°Co and **Fe radioactive solutions

Co(NO,),-6H,0(0.015 g Co/mL) and Fe(NO,),-9H,0 (0.1
g Fe/mL) in aqueous solutions were irradiated in a TRIGA
MARK III nuclear reactor with a neutron flux of 1x 10> n/
cm?s during 2 h to obtain “Co and *Fe radionuclides.

2.4.2. Fe(III) non-radioactive solutions

Fe(IlI) aqueous solutions with concentrations of 200 and
600 ppm were prepared by dissolving appropriate amounts
of Fe(NO,),-9H,0O in 500 mL of distilled water at pH value
of 5.5.

2.4.3. Fe(I1I) solutions labeled with *Fe

The sorption of Fe(Ill) from aqueous solutions by ash
materials was followed with adding 10 uL of *Fe radioac-
tive solution to 10 mL of nonradioactive Fe(III) solutions
which final concentrations were 300 and 700 mg/L. This
solution was named as Fe(III)-*Fe.

2.5.%°Co and Fe(I11)->*Fe sorption

One hundred milligrams of AshBH samples, with 10
mL of 300 or 700 mg/L Fe(IIl)-*Fe aqueous solutions were
shaken for 24 h at 20°C in separate glass vials. Before shak-
ing, 10 pL of the *Co irradiated aqueous solutions were
added to each vial. The final concentration of “Co in the
vials was 15 mg/L. After shaking, the mixture was centri-
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fuged to separate the phases. The liquid was recovered with
a pipette, and the solid was discarded. The ®Co and *Fe
activities in the liquid were determined by using a Hyper-
pure Germanium (HP-Ge ORTEC, 2012-19200) detector
and selecting the 1.173 MeV and 1.099 MeV energies with a
multichannel analyzer (program “Nucleus PCA II), respec-
tively. The retention percentage was calculated using the
expression; % R = (A /A)x100 where A is the activity of
%Co or *Fe in the remained solutions and A_is the initial
activity before the sorption processes. The experiments
were performed in duplicate.

3. Results and discussion

3.1. Scanning electron microscopy (SEM) and energy X-ray
dispersive spectroscopy (EDS)

Fig. 1 shows the SEM images of banana husk samples
(a) washed with distilled water (BHN), (b) AshBH600,
(c) AshBH700, (d) AshBHS800), and (e) AshBH900. The
surface texture of the BHN sample is rough and gutters
were observed in it. The images of AshBH600, AshBH700,
AshBHS800, and AshBH900, show a noticeable porosity
due to the obtention of the materials by a liquid combus-
tion process. AshBH900 sample seems to be formed by the
agglomeration of very small particles. This change has been
observed in other types of raw materials from agriculture
wastes [18,19].

The results of the elemental analyses by EDS of samples
BHN, AshBH600, AshBH700, AshBH800, and AshBH900
are shown in Table 1.

Fig. 1. SEM images of (a) BHN, (b) AshBH600, (c) AshBH700, (d) AshBHS00, and (e) AshBH900.
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Table 1
Elemental composition of BHN and AshBH samples obtained by chemical combustion processes
Element Weight %
BHN AshBH600 AshBH700 AshBHS800 AshBH900
C 60.89+2.38 50.34+5.0 39.11+9.52 36.30+8.13 30.12+9.06
O 35.28+2.57 22.70+2.76 29.08+6.37 33.40+2.61 39.76+6.03
Mg 0.10+0.01 0.69+0.08 0.54+0.05 0.74+0.22 0.72+0.13
Cl 0.64+0.20 0.27+0.05 3.56+1.08 2.39+0.64 1.77+0.7
Si 0.39+0.25 1.22+0.52 1.64+0.53 2.40+1.67 1.33+0.32
K 2.69+0.62 22.87+4.98 25.61+£5.39 23.44+5.61 25.14+5.77
P 0.16+0.04 0.67+0.37 0.27+0.01 0.48+0.00 0.8+0.04
Ca 0.05+0.03 1.31+0.11 0.55+0.05 1.84+0.73 1.77+0.3
All the AshBH samples contain C, O, Mg, Si, K, Ca and
P. The C (<50 %) and O (<22 %) are the major elements in 2600 1
all samples followed by K and in less amount Cl, Si and Ca.
It is important to mention that the amount of K in AshBH =80,
samples is 10 times higher than that of BHN. 3200
3000 o
3.1.2. X-ray diffraction (XRD) 5 2a00
Fig. 2 shows X-ray diffraction (XRD) patterns of BHN, % 2600 LA
AshBH600, AshBH700, AshBH800, and AshBH900 sam- £ 2400
ples, respectively. The BHN sample shows a reflexion at 20 g 2200
2-theta degrees. This broad reflexion has been attributed to £ 2000
cellulosic compounds [20,21]. The AshBH samples (Fig. 2) 1200 AshBH700
show broad peaks centered at 26, 28 and 30 2-theta degrees 1500
depending on the temperature used for the chemical com-
bustion processes, thus these samples have partially an 1400
amorphous structure. As observed in the same figure, the 1200
AshBH samples also have sharp and well defined peaks 1000 fshihoen
which identity were proposed in Table 2. 200
Itis important to mention that other authors have found -
that the calcination temperature of biomasses determines
the morphology, the elemental components, the mineral 400 AshBH900
composition and the textural characteristics of the obtained 200 dharroreh A
ashes [22-24]. The differences between those works and the 0 : ‘ ‘ =
present one are that the ashes were got through solution 1 G =0 ;ﬁ'heta 20 &0 40

combustion process at different temperatures in a few min-
utes obtaining ashes with different adsorptive properties
that can use for the removal (in trace level) of radioactive
isotopes from water.

3.1.3. Fourier-transform infrared spectroscopy (FT-IR)

The main bands found in banana husk sample (Fig. 3)
were assigned as follows: the intense band observed at 3440
cm™ indicates the presence of OH groups in the banana
husk; the wave number at 1633 cm™ results from a CO
stretching mode conjugated with an NH deformation and
indicates the presence of an amide group. The 1059 cm™
band is assigned to CO or CN groups. The band at 2305
cm™ was recognized as a CO group, which may result from
the presence of atmospheric CO,.

FT-IR spectra of AShBH600, AshBH700, AshBHS800,
and AshBH900 are very similar (Fig. 3) and the main bands
observed were recognized as follows: The most intense
peak at 3430 cm™ was assigned to “OH stretching, while the

Fig. 2. X-ray diffraction patterns of (a) BHN, (b) AshBH600, (c)
AshBH700, (d) AshBH800, and (e) AshBH900.

Table 2
Compounds that could be generated by the liquid combustion
process of BHN at different temperatures

Sample Compound Name JSPDS Card
AshBH600 KCl1 Sylvite 73-0380
AshBH700 KHCO, Calicinite 70-0995
AshBH800 KCl Sylvite 73-0380
KHCO, Calicinite 70-0995
AshBH900 KCl1 Sylvite 73-0380
KHCO, Calicinite 70-0995
12-0292
CaMg(CO,), Dolomite 89-5862
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Fig. 3. FT-IR spectra of BHN, AshBH600, AshBH700, AshBHS800,
and AshBH700 samples.

two peaks observed at 2860 and 2998 cm ' may be due to
symmetric and asymmetric -CH, stretching, respectively.
The peak at 1630 cm™ may be to C=C or C=O stretching or
-OH bending; while the peak at 1410 cm™ may be due to a
bending of the O-H bond also.

3.1.4. Brunauer-Emmett-Teller analyses (BET)

Table 3 displays the specific areas, total pore volume
and mean pore diameter for BHN and AshBH samples
(materials obtained at 600, 700, 800, and 900°C by solution
combustion of banana husk). The results show that as the
combustion temperature is increased, the values of the spe-
cific surface areas are also increased up to the temperature
of 900°C. This behavior is also observed for total pore vol-
ume. The pore diameter of the AshBH samples increases
when the combustion temperature of the BHN increases
except for the sample AshBH900.

3.2. %°Co and Fe(I11)-*Fe sorption

3.2.1. %°Co sorption in presence of Fe(I1I)-**Fe in aqueous
solutions by BHN and AshBH

The combustion process to obtain the different materials
modifies the morphology (Fig. 1) and the textural character-
istics of the obtained products (Table 3) at the different tem-
peratures (600, 700, 800, and 900°C) as was mentioned earlier.
These changes in the textural characteristics lead to different
adsorption efficiencies to remove “Co from aqueous solutions.

Table 3
Textural parameters for BHN, and of the obtained carbon by
chemical combustion processes (AshBH)

Sample Specific surface Total pore Pore diameter
area (cm?/g) volume (cm®/g) (nm)

BHN 0.46 0.0010 9.2

AshBH600 2.30 0.0066 13.8

AshBH700 3.84 0.0121 30.4

AshBH800 4.91 0.0160 36.8

AshBH900 18.82 0.0319 5.3

Fig. 4 shows the ®°Co sorption by the BHN and ash sam-
ples (AshBH) as a function of their specific surface area. “Co
in the starting aqueous solution was present in trace quanti-
ties, while Fe(IIl) was present in macro amounts (300 ppm)
labeled with *Fe to follow its adsorption process. As can
be seen, “Co sorption was increased as the specific surface
area was increased as well from 0.46 to 18.82, finding that
the maximum *“Co sorption was 1.43 mg/g for AshBH900
which has the biggest specific surface area with respect the
others materials. At the lowest combustion temperature
(600°C, corresponding to sample AshBH600 with a spe-
cific surface area of 2.30 cm?/g) the ®°Co sorption notably
diminishes. Slightly adsorption of “Co was observed for the
banana husk before combustion (BHN).

In the same Fig. 4 the “Co sorption by the BHN and
ash materials as a function of their specific surface area is
displayed considering now a Fe(IlI)-*Fe concentration of
700 ppm while “Co was used again in traces amounts. The
results show that the “Co sorption was increased rapidly
from the ash materials obtained from 600°C to 800°C which
specific surface areas correspond to 2.30 and 4.91 cm?/g,
respectively. Then it remained practically constant reach-
ing a sorption capacity around 0.54 mg/g. It is important to
mention that when the ®Co-traces are in a Fe(IlI)-*Fe solu-
tion of 700 ppm, the sorption by the AshBH 900 diminishes
62% with respects to that of 300 ppm. This behavior can be
explained by the saturation of the ashes surface by Fe(Il)-
*Fe that avoid the interaction with the *Co.

3.2.2. Fe(Il1)-*°Fe sorption by BHN and AshBH in presence
of ®*Co-traces in aqueous solutions

Fig. 5 shows the sorption of Fe(Ill)-*Fe in presence of
%Co-traces by the ash materials obtained at 600, 700, 800
and 900°C using the solution combustion process of banana
husk. The concentrations of Fe(III)-*Fe in the aqueous solu-
tion in contact with the ash materials were 300 and 700
ppm, as was mentioned before. As can be seen, the sorption
capacities of the AshBH depends on the initial concentration
of Fe(IlT)-*Fe in solution. When the initial concentration is
high the sorption of Fe(IlI)-*Fe is high as well. The specific
surface areas of the BHN and ash materials influence on
the sorption behavior. When they increase from 2.30 to 4.91
cm?/g the sorption goes increased from 8.12 to 27.09 mg/g
for a solution of 300 ppm of Fe(Ill)-*Fe and from 19.61 to
70.00 mg/g for a solution of 700 ppm.

A particular behavior was observed for AshBH900,
which have the highest specific surface area (18.82 cm?/g),
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concentrations in aqueous solution of 300 and 700 ppm.

after contact with a Fe(IlI)-*’Fe solution of 300 and 700 ppm
because in these cases similar sorption capacities were
found (29.71 and 70.00 mg/g, respectively) with respect to
the sample AshBH800 with a specific surface area of 4.91
cm?/g. This result can be explained with base on the pore
diameter (Table 3) which was diminished drastically for
effect of the temperature to obtain ashes from banana husk
at 900°C.

3.2.3. Linear model

The obtained data were fitted to the linear model to com-
pare the results in the different experimental conditions. For
this purpose, in general, it was considered the specific sur-
face areas from 0.46 to 4.91 cm?/g and the corresponding
sorption capacities of the BHN and AshBH materials for
“Co and Fe(II)-*Fe, where the observed behavior main-
tained a proportionality and a plateau was not observed.

As can be noticed in Fig. 6, the ®°Co sorption by BHN,
AshBH600, AshBH700, AshBH800, and AshBH900 has
a linear behavior considering their specific surface area
(Table 3) and a Fe(III)-*Fe concentration of 300 ppm. Sim-
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Fig. 7. Linear model applied to the Fe(IIl)-*Fe sorption by BHN
and AshBH considering their specific surface areas and Fe con-
centrations of 300 ppm (a) and 700 ppm (b).

ilar behavior was observed when the concentration of Fe
increases for 300 to 700 ppm and the specific surface areas
of the materials vary from 0.46 to 4.91 cm?/g, except for the
highest specific surface area. When the specific surface area
increases at 18.82 cm?/g the amount of “Co is similar to that
found at 4.91 cm?/g (Fig. 6). The slope of the curves, which
represent the amount of “Co sorbed on the surface area of
the materials, varies between 300 and 700 ppm. In the first
case was 0.0729 mg/cm? and in the second one was 0.0917
mg/cm? (the determination parameter was higher than
0.91). The highest concentration of Fe in solution slightly
improved 1-3 times the ratio between the “°Co sorption and
the specific surface area of each material into the interval of
0.46 and 4.91 cm?/g. It is important to emphasize that “Co
was in a trace level with respect the concentration of Fe(III)-
%Fe in the solution.

Fig. 7 shows that the Fe(Ill)-*Fe sorption by BHN,
AshBH600, AshBH700 and AshBHS800 also has a linear
behavior in similar form than “Co, with base on their spe-
cific surface areas (Table 3), for both Fe concentration in solu-
tion. The slope of the curves varies considerably between
300 and 700 ppm which were 3.7368 mg/cm? and 11.7030
mg/cm? (the determination parameter was higher than
0.73). The concentration of Fe in solution improved 2 and 4
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times the ratio between the Fe(III)-*Fe sorption depending
on the specific surface area of each material. This difference
is similar to that found for “Co although this radionuclide
was in a trace level in solution with respect to Fe(IIl)-*Fe.
With base on this behavior it is reasonable to propose that
Fe(III)-*Fe could function as a carrier of ®°Co [25] and addi-
tionally the chemical speciation of Fe(Ill) (Fe,O, at pH from
2 to 12) and Co(Il) (Co**at pH < 6.5) could play a role in the
sorption processes [26].

4. Conclusions

Milled banana husk is modified by the aqueous solu-
tion combustion process from 600 to 900°C in a brief period
(5 min) changing the morphology, elemental composition,
mineral components and the surface area (from 0.46 up
to 18.82 cm?/g) of the obtained ash materials. The highest
sorption capacities for “’Co in the presence of 300 and 700
ppm of Fe(IlI)-*Fe by the AshBH900 are 1.43 mg/g and 0.54
mg/g, respectively, while for Fe(III)-*’Fe in presence of trace
of Co are 29.71 mg/g and 70.0 mg/g, respectively. The
AshBHB800 shows the maximum adsorption capacity for
Fe(IlI)-*Fe which is 70 mg/g. The sorption capacity of the
ash material obtained from milled banana husk by aque-
ous combustion is in function of the material surface prop-
erties and the chemical speciation of *Co and Fe(IlI)-*Fe
in the aqueous media. The AshBH are materials to adsorb
both ®Co and Fe(III)-*Fe from bi-component solutions. The
Fe(III)-*Fe can be a carrier of “°Co to be adsorbed by the ash
materials.
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