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ABSTRACT

The golden mussel is a species from China, which has spread to Asia and America, causing various
economic impacts, as well as an ecological imbalance. Globally, the application of the invasive species
has been investigated to mitigate the problems caused, and the present work evaluates the use of the
golden mussel shells in the removal of methylene blue from contaminated waters. The material was
characterized by the analysis of scanning electron microscopy, X-ray fluorescence, Fourier transform
infrared spectroscopy and zeta potential, indicating favorable characteristics for the adsorption of
pollutants. As for the adsorption studies, the adjustment of the pseudo-first-order model was ver-
ified, resulting in adsorption capacity of 26.4 mg g™ at the equilibrium time of 300 min and 0.03 g
of adsorbent. Henry’s model was applied at 25°C, 35°C, and 45°C indicating the favorable effect of
temperature increase. Thus, it is observed the potential of using this material as adsorbent of water

contaminants.
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1. Introduction

Water pollution occurs when chemicals such as fertiliz-
ers, dyes, pesticides, and petroleum derivatives reach water
bodies. These substances are found in effluents, due to inad-
equate treatment, and are produced in anthropic activities
such as agriculture and industrial and domestic activities [1].

The industrial activities are the greatest consumer of
water and, consequently, produces a considerable amount of

* Corresponding author.

effluent that needs proper treatment before being released
into the environment. The textile, pulp and paper, and poly-
mer industries use several types of dyes in their products
[2], the discharge of these effluents does not only affect the
environment aesthetics, but also the sunlight infiltration into
the water’s surface, which leads to a reduction of the pho-
tosynthetic activity. In this way, this process causes several
impacts to aquatic organisms due to insufficient oxygen [3].
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Methylene blue (MB) is a cationic dye widely used in
anthropic activities in textile industries. When ingested,
MB produces a burning sensation and can cause nausea,
vomiting, diarrhea, and gastritis. In the environment,
MB has several detrimental effects when present in water
bodies [4,5].

In this way, it is possible to emphasize the importance
of performing the treatment of industrial effluents to remove
MB and other dyes. The treatment aims to prevent that the
effluent pollutants reach the water bodies and, therefore,
prevent environmental deterioration and human health
damages. The removal methodologies that aimed the treat-
ment of effluents contaminated by MB are coagulation/
flocculation, photocatalysis, photo-Fenton, electro-Fenton
and adsorption [6-9].

Adsorption is considered a promising treatment pro-
cess due to its low cost, simple design and easy operation.
However, for the effluents’ treatment, the adsorbent mate-
rial must present characteristics of high thermal and
physical resistance, as well as affinity with the substance
to be adsorbed, thus choosing the adsorbent dependent on
a series of factors. Therefore, the material must have high
availability of adsorption sites and a large amount of carbon
and oxygen [10]. The diversity of raw materials that can be
used in the development of adsorbents makes it interesting
to exploit residual biomass, and this concept has led to the
popularity of the term ‘low-cost adsorbents’ [11,12].

In this study, we choose to produce a low-cost adsor-
bent from the golden mussel (Limmnoperna fortunei) shell.
The golden mussel is a widespread invasive freshwater
mussel from China and invasively spreading to many Asian
and South American countries by the discharge of ships bal-
last water containing high concentrations of mussel larvae.
[13-15]. It easily invades water transfer works and attaches
onto concrete walls and structures with extremely high
density, resulting in biofouling, structure corrosion, pipe
clogging, decrease in water transfer efficiency, water pollu-
tion, and other disadvantages, and has become a prevalent
problem which is causing global concern [16]. This mussel
has been causing many losses due to its incrustation in vessel
hulls, tanks, and fishing nets. Several attempts to eliminate
the golden mussel were frustrated, so the best proposal in
the researcher’s view is to find possible uses to this invading
mollusk to productive activities [17,18].

Currently, shells of different species of mussels are
being used to remove heavy metals and textile dyes from
contaminated water [19-21]. However, it is not known of
reports that use in natural biomass of the golden mussel’s
shell (Limnoperna fortunei) as adsorbent material of water
pollutants. Therefore, the objective of this work was to eval-
uate the adsorption capacity of the MB dye from aqueous
samples using the biomass of Limnoperna fortunei as a low-
cost adsorbent.

2. Materials and methods
2.1. Preparation of the adsorbent from golden mussel’s shell

The golden mussel’s shell was obtained from Usina
Hidrelétrica de Rosana, Sdo Paulo, Brazil. The geographical

coordinates of the hydroelectric plant are 22°36'07"S and
52°52"20" W.

Firstly, the shells were manually washed with tap water
for 30 min at room temperature. The washing process was
repeated 6 times to remove water-soluble impurities. Then,
the shells were dried in an incubator with air circulation
(SXCR 42, Sterilifer®, Brazil) at 80°C for 24 h.

After that, the shells were ground using a domestic
blender and sieved to different mesh sizes in a magnetic
stirrer type (Bertel). For the experiments, the average parti-
cle size of 600 um was chosen as the particle size at which
most of the particles were retained.

2.2. Characterization of the adsorbent

The morphological characteristics of the surface of the
golden mussel’s shell adsorbent (GMA) were evaluated by
scanning electron microscopy (SEM) with the aid of a Quanta
FEI microscope, model 250, operating at 25 kV. For this
analysis, the samples were covered with gold at a thickness
of approximately 30 nm.

The zeta potential was measured using a sample with
0.05 g of adsorbent in 50 mL of water using a Delsa™ NanoC
by Beckman Coulter (TM) equipment. The pH was mea-
sured using a pH meter (Orion™ Versa Star Benchtop Meter,
Thermo Scientific™, USA). The pH was adjusted from 3 to 12,
with HC1 0.1 M and/or NaOH 0.1 M.

To characterize the functional groups present in the
golden mussel’s shell, a Fourier transform infrared (FTIR)
spectrometer (PerkinElmer Spectrum100, USA) was used.
Tablets were prepared by mixing powder samples with
KBr (Sigma-Aldrich) at the ratio of 1:100 (w/w). The spectral
range varied from 4,000 to 400 cm™.

The X-ray fluorescence (FRX) analysis of the golden
mussel’s shell employed a spectrometer Bruker S8 model
Tiger 4 kW. For this analysis, 1.0 g of the ground samples
were mixed with 20 g of boric acid in an agate mortar and,
after homogenization, 7.0 g of the mixture was compressed
in a pellet prior to analysis.

2.3. Adsorption of MB

The MB adsorption using golden mussel’s shell was con-
ducted in a closed and batch system. The experiments were
performed with 25 mL of MB solution samples prepared at
a concentration of 50 mg L™ in distilled water in Erlenmeyer
flask with a stopper. The flasks were shaken on a shaker
(QUIMIS® 0022MI, Brazil) at 150 rpm, at room temperature,
for 24 h. The adsorption assays were performed with differ-
ent adsorbent mass: 0.03, 0.05, 0.1, 0.2, and 0.4 g.

Samples were collected after 24 h and then filtered
through a cellulose acetate filter (0.45 um diameter pore) to
remove the adsorbent. After filtering, the sample was then
measured by a UV-Vis spectrophotometer (HACH DR 5000)
at a wavelength of 665nm. All assays were performed in
duplicates.

The MB adsorption capacity (mg g™) was calculated
using Eq. (1):
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In Eq. (1), C, is the initial concentration of MB (mg L),
C, is the equilibrium concentration in solution (mg L)
in time ¢, V is the solution volume (L), and m is sorbent
mass (g).

The kinetic study was performed in batch with the adsor-
bent mass that resulted in the best g, in contact with 25 mL
of 50 mg L MB solution, maintained at a stirring speed
of 150 rpm and controlled temperature of 25°C. The time
intervals for withdrawing the aliquots from the analyzed
samples were 1-720 min, the flasks were shaken with the aid
of an orbital shaker table after the contact time, the final MB
concentration readings were performed as described above,
using a spectrophotometer at 665 nm, and the tests were
performed in duplicates.

To explain the kinetic mechanism, the two best-known
models were applied to the experimental data: the pseudo-
first-order, proposed by Lagergren [22], and pseudo-
second-order model, proposed by Ho and McKay [23], which
are presented by Egs. (2) and (3), respectively.

g, =q.[1-e"] @)
where k, is the constant of the first-order adsorption rate
(min™) and g, and g, are the adsorbed amounts per g of adsor-
bent at equilibrium and at time ¢, respectively (mg g™).

kyqit
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1+k,q,t ®
where k, is the constant of the pseudo-second-order
adsorption rate (g mg™ min™).

The equilibrium isotherms were obtained at tempera-
tures of 25°C, 35°C, and 45°C. The tests were conducted with
MB concentration from 5 to 200 mg L™ that was varied in a
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Fig. 1. Morphological structure of the golden mussel’s shell.
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solution volume of 25 ml. Samples were agitated in a shak-
ing incubator (model TE-4200 TECNAL) at 150 rpm and the
contact time was 720 min.

An application of Henry’s constant was performed.
The Isotherm of Henry is a linear adsorbent isotherm model
in which the amount of surface adsorbate is proportional
to the adsorbate concentration in the fluid at equilibrium
conditions [24]. The equilibrium concentrations of adsorbate
in the liquid and adsorbed phases are related to the linear
expression as shown in Eq. (4):

9. =KxC, )
where g, is the amount of the adsorbate at equilibrium
(mg g™), Kis Henry’s adsorption constant (L g™), and C, is the
equilibrium concentration of the adsorbate on the adsorbent
(mg L.

The results were analyzed for correlation coefficient (R?)
and chi-square (x?) (Eq. (5)).

®)

where x is the experimental value and 1 is the expected value
for the mathematical model.

3. Results and discussion
3.1. Characterization of the adsorbent

Fig. 1 shows the SEM images of the golden mussel’s
shell at 5,000x magnification. The SEM of the sample
showed that the morphology did not have regular shape
and size and presented heterogeneity of pores. The samples
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presented an irregular surface with open pores, being favor-
able to the adsorption capacity of the adsorbent.

Fig. 2 shows the FTIR analysis where the functional
groups present in the golden mussel’s shell was determined
before and after the MB adsorption.

It is seen that the IR spectrum of golden mussel’s
shell showed a characteristic Fourier transform IR band
at 1,483 cm™!, which was attributed to the C-O bond of
the carbonate groups present in abundance in the shell
[25]. The wideband at 3,279 cm™ indicated the presence of
hydrogen bonds (-OH) due to water molecules adsorbed in
the golden mussel’s shell surface. The peak present in the
2,923 cm™ region indicated the presence of a C-H bond due
to the protein composition of the adsorbent [26].

Vibrations observed in the range of 1,647, 1,448, and
850 cm™ refer to carbonate CO bonds out of the plane and at
713 em™ of plane bending, as well as the vibrations detected
at 1,780 and 1,082 cm™ related to the CO bonds of carbonate
ions [27,28]. Finally, the vibrations found in the wave-
length of 536 cm™ were attributed to the Ca-O binding, also
present in the shell structure of the mussel [29].

Regarding the vibrations detected in the shell of the
mussel adsorbed with MB, it was possible to affirm that
there was no significant change when compared to the bark
of the non-adsorbed mussel, however, it is possible to detect
fewer changes in the wavelength range of 1,729 to 1,585 cm™
and a displacement of the vibration band between the range
of 890 to 750 ecm™ which are vibrations relating to the C-O
bond of carbonates.

From the FRX analysis, it was possible to state that there
was a significant amount of inorganic compounds present
in the shell structure of the mussel. This was confirmed
with the FRX analysis which detected a large proportion
of oxides and other inorganic materials in the material.
The results indicated calcium and silica oxides as being
the majority of substances in the mussel shell’s structure,
respectively, 68.6% and 12.5%. Other compounds were
found in trace concentrations or were not relevant to this
research.
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Fig. 2. FTIR spectra of golden mussel’s shell before (I) and
after (II) the MB adsorption.

The zeta potential analysis of the golden mussel’s shell
is shown in Fig. 3. The values referring to the surface charge
coming from the Zeta potential for the crushed golden mus-
sel were: 28.3, 12.2, 8.8, -0.9, -2.89, —-6.97, -14.57, -17.57,
-22.8 e -26.43 (mV) in pH ranging from 3 to 12, respec-
tively. This characteristic is mainly due to the presence of
carbonate groups present in the shells.

Since MB is a cationic dye, an electronegative adsor-
bent would be more effective to remove MB from aqueous
solution, in this way the pH 6.03, that is the natural pH of
MB solution was used in the adsorption experiments. In this
pH, the golden mussel’s shell is electronegatively charged
and it is not necessary to control the pH of the adsorption
process.

3.2. Adsorption experiments

To evaluate the effect of adsorbent mass, the experiments
were carried out while varying the mass from 0.03 to 0.4 g
of golden mussel’s shell (Fig. 4). For this, the MB concentra-
tion solution at 50 mg L, temperature of 25°C, pH 6.03, and
stirring speed of 150 rpm were kept constant.

One can see that the amount of MB adsorbed was found
to be rapid from 0.03 to 0.05 g of golden mussel’s shell.
Further increase of adsorbent mass resulted in less increase
in adsorption, and hence, 0.03 g was considered the optimum
dose of the adsorbent.

Fig. 5 displays the results from the adsorption kinet-
ics experiments and the fits of the pseudo-first-order and
pseudo-second-order models to the data obtained for MB
adsorption. The agitation time varied from 1 to 3,000 min
and 50 mg L of the MB solution was used at pH 6.03, as
previously established. The kinetic model parameters fitted
to the experimental data are shown in Table 1.

It can be seen in Fig. 5 that the MB adsorption did not
change after 300 min, thus achieving the equilibrium state
with concentration constant at, approximately, 26.4 mg g
Lonappan et al. [30] studied the MB adsorption using acti-
vated carbon synthesized from three different residues (Pinus
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Fig. 3. Zeta potential of golden mussel’s shell for different pH
values.
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Fig. 4. MB adsorption capacity as a function of golden mussel’s
shell adsorbent mass.
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Fig. 5. Experimental kinetic data and fitting of MB adsorption
capacity by golden mussel’s shell.

trunk, pig manure, and paper). The authors determined the
adsorption capacity of MB in these carbons as 1.32, 4.87, and
5.01 mg g, respectively, showing that the golden mussel’s
shell had a greater capacity when in comparison. It is worth
to note that, in this work, the golden mussel’s shells had no
modification prior to the adsorption process.

Regarding the kinetic models’ parameters shown in
Table 1, both pseudo-first and pseudo-second-order mod-
els presented R? values greater than 0.950. Nonetheless,
analyzing the calculated adsorption capacity and the
statistical x?, it was found that the pseudo-first-order
model better fitted the experimental data. This model indi-
cates that the MB adsorption over time is directly propoz-
tional to the difference in the saturation concentration of
MB and the available activated sites in the mussel’s shell
surface [23,31].

It is important to state that the pseudo-first-order model
equation is valid only when: the adsorption is in the Henry

Table 1
Kinetic and statistic parameters for the MB adsorption by golden
mussel’s shell

Models Parameters Values
T, cac (MG 87 26.261
k, (min”! 0.009

Pseudo-first-order , (min™)
R 0.970
X 2.503
G, cqc (MG ) 28.620
k, (g mg™ min™) 4.721

Pseudo-second-order R 0,958
X 3.553

range of concentrations or when the biosorbent mass is
high [31-33]. The results found here are in agreement with
the ones reported by Bedin et al. [34] for the adsorption of
MB with KOH-activated carbon prepared from sucrose
spherical carbon.

The isotherms were illustrated by plotting the amount
of MB adsorbed on the golden mussel’s shell at equilibrium
(g,) vs. the equilibrium concentration of MB in solution (C).
The equilibrium uptake data obtained at 25°C, 35°C, and
45°C is shown in Fig. 6. The results obtained by fitting the
Henry’s Isotherms model to the experimental data are given
in Table 2, which lists the parameters of this model.

From Fig. 6, it was possible to verify the applicability of
Henry’s model for all temperatures (R? > 0.954), corroborat-
ing with the pseudo-first-order model suggestion. Also, that
the increase in temperature favors the adsorption capacity of
the material, suggesting that the adsorption process of the
MB in the shell of the golden mussel is endothermic. This
finding can be confirmed by analyzing Table 2 and observ-
ing that the value of the Henry’s constant increases with the
increase in temperature from 25°C to 45°C.

The available literature for the adsorption using the
Henry model is rare but a few are reported as a linear model.
Nam et al. [35] reported that the adsorption of hydrophilic
contaminants (logK < 2.5) agree with the Henry (linear)
model using coconut shell as biosorbent, but the adsorption
of hydrophobic contaminants agree with the Freundlich
model. According to Mellish et al. [36], the MB is a hydro-
philic contaminant (K_ = 0.75), which agrees with the find-
ings of this work.

4. Conclusion

The presence of contaminants as the MB in effluents
discharged in the environment is of major concern due to
environmental and health problems. In this sense, this paper
aimed to produce a low-cost adsorbent from golden mussel
(Limnoperna fortunei) shell, an invasive specimen, to remove
the MB from aqueous solutions. From the results collected
from FTIR, energy-dispersive X-ray spectroscopy and FRX,
it was possible no affirm that the golden mussel’s shell
composition was predominant of oxides, characteristic of this
living being. Regarding the adsorption of MB process, it was
possible to remove great quantities of MB with a low mass
of biosorbent, that is, in Henry’s region of concentrations,
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Fig. 6. Adsorption equilibrium of MB by golden mussel’s shell.

Table 2
Henry’s isotherm model applied to MB adsorption experiments

Temperature (°C) Henry’s constant Values
K 0.917
25 R? 0.963
x> 8.641
K 0.969
35 R? 0.954
X2 9.316
K 1.993
45 R? 0.980
X2 8.312

with Henry’s model constant equal to 0.917 and increasing
with the process temperature being, therefore, favorable for
the process. For the kinetic experiments, the pseudo-first-or-
der was the best-fitted model to explain the experimental
results with an equilibrium time of 300 min. The golden
mussel’s shell MB adsorption capacity found was 26.4 mg g™
In conclusion, since the biosorbent was produced from an
invasive specimen, it was possible to produce a low-cost and
high-capacity biosorbent for the removal of contaminant
MB from aqueous solution.
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