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Abstract: The accumulation of cyanobacteria produced due to eutrophication processes and the
increment of different pollutants in water as a result of industrial processes affects aquatic environ-
ments such as the ocean, rivers, and swamps. In this work, cyanobacterial biomass was used as a
biosorbent for the removal of a commercial dye, methylene blue (MB). Thus, MB was removed from
biomass obtained from cyanobacterial samples collected from the swamp located in the Colombian
Caribbean. Spectroscopical techniques such as FTIR, SEM, EDX measurements were used for the
physico-chemical characterization of the bio-adsorbent material. Furthermore, we present the effect
of various adsorption parameters such as pH, MB dose, time, and adsorbent concentration on the ad-
sorbent equilibrium process. Three different isotherm models were used to model the MB adsorption
on biomass. The functional groups identified on biomass suggest that these models are suitable for
the characterization of the sorption of cationic dyes on the surfaces of the biomass; in addition, an
SEM assay showed the heterogeneous surface of the biomass” morphology. The equilibrium tests
suggested a multilayer type adsorption of MB on the biomass surface. The kinetics results show that
a pseudo-second order kinetic model was suitable to describe the MB adsorption on the biomass
surface. Finally, the herein obtained results give an alternative to resolve the eutrophication problems
generated by cyanobacterial growth in the swamp “Ciénaga de Malambo”.

Keywords: biosorbent; cyanobacterial; recalcitrant dyes; adsorption

1. Introduction

Water is a critical resource for all living beings on earth; however, we face a great
ecological challenge today, due to rapid urbanization and human anthropogenic activ-
ities [1]. Contaminants such as organic and inorganic pollutants are delivered into the
water affluents (e.g., ponds, lakes, streams, rivers, and oceans). These pollutants reduce
light penetration and photosynthesis [2,3]. Currently, climate change indicators demon-
strate the challenge that humanity is facing (e.g., CO, atmosphere level, earth temperature,
ocean temperature, glaciers and sea ice melting, global sea level, ocean acidification, and
extreme climate) [4,5]. Among these indicators, the ocean’s acidification is increasing due
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to eutrophication [6], where an accumulation of plants and cyanobacteria is produced.
These species will eventually decompose, affecting the pH and the aquatic species in the
environment [7]. Thus, the cyanobacteria species can lead to hypoxia from effluents and
disrupt trophic ecosystems [8]. In the Caribbean region, several swamps present this type
of cyanobacterial bloom. Due to their potential risk, these species can affect the water
consumption involved in different applications (e.g., drinking water, irrigation, fishing, and
recreational waters) [9]. In the Colombian Caribbean region, there is an important muddy
area made up of three swamps: the swamp “Ciénaga Mesolandia or Bahia”, the swamp
“Ciénaga Grande de Malambo” and the swamp “Ciénaga el Convento” (see Figure 1). The
swamp Ciénaga Grande de Malambo covers an area of nearly 225 ha, and its average
depth is between 1.1 and 2.2 m in the low- and high-water seasons, respectively. This
body of water presents a strong overload of organic matter produced by the discharge
of raw domestic wastewater and by the construction of embankments on its only water
exchange routes. This situation is critical for communities living near to the swamp, and
this situation requires new alternatives to solve the contamination problem.

Magdalena River

Barranquilla Ciénaga Mesolandia

Malgmbo
. Ciénaga de Malambo

Ciénaga el Convento

Figure 1. Location of the swamp “Ciénaga Mesolandia or Bahia”, the swamp “Ciénaga Grande
de Malambo” and the swamp “Ciénaga el Convento” in the Colombian Caribbean region at the
geographical coordinates 10°85'53” N latitude and 74°75'64” W longitude GPS Garmin Etrex 10.
Click on figure for geolocation.

Currently, the effluents containing synthetic dyes cause significant pollution in water,
mostly in industrial wastewater. They have become an increasingly major environmental
problem; these compounds are classified as (1) anionic, (2) cationic, and (3) non-ionic [10,11].
Cationic dyes are more toxic than anionic dyes, as they can easily interact with negatively
charged cell-membrane surfaces entering into cells and concentrating in the cytoplasm;
thus, they also represent a risk to human health [12]. Methylene blue (MB, a cationic dye)
is widely employed in different fields (e.g., dyeing fabric, cotton and plastics printing, as
an oxidation-reduction indicator, antiseptic, and for pharmaceutical and food industries).
However, it has highly toxic and carcinogenic properties in living organisms after short
periods of exposure [13]. Currently, the removal of this dye from effluent has become
environmentally important. This dye is stable to light, heat and oxidizing agents, which
makes laborious removing it from water effluents. Generally, to remove dyes, the typical
techniques used include: (1) chemical precipitation, (2) membrane processes, (3) oxidative
degradation, (4) photo-catalytic degradation, (5) sonochemical degradation, (6) electro-
chemical degradation, and (7) integrated chemical-biological degradation [14,15]. Most of
these techniques have some drawbacks (e.g., second stages for removing muddy waste,
profit/price ratio, energy requirements). Due to the physical and chemical properties
of adsorbents, the adsorption process is an effective method for pollutant remotion [16].
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Currently, zeolites, activated carbon, and some polymer-based porous materials are em-
ployed in the adsorption applications. Currently, attention has been drawn towards the
development of low-cost adsorbents, therefore, diverse kinds of biological materials have
been used as dye removal agents from an aqueous solution [17]. In this sense, biosorption
is a subcategory of adsorption, which involves combining active and passive transport
mechanisms, beginning with the diffusion of the adsorbed component (called adsorbate)
to the cell surface. After that, the adsorbate will bind to sites on the cell surface, which
exhibit some chemical affinity for it [18]. Biosorption is cheaper than traditional treatment
of contaminated water, and the number of required chemical components is smaller [19,20].
Diverse biological materials (e.g., rice husk, cotton waste, banana peel, orange peel, fungi,
bacteria) have been reported for MB removal [21]. In this sense, there is a high interest
in using biomass as a potential adsorbent, because the biomass-derived materials exhibit
interesting properties, (e.g., renewable resources, carbon-neutral, low-cost, abundance,
eco-friendly, and mechanical stability). Many classes of microbial biomasses are suitable as
bio-adsorbents (e.g., algae, cyanobacteria, fungal and bacterial) [22]. Azam et al., performed
this process using algal biomass for wastewater treatment under axenic conditions [23].
Cui et al., reported phenol and Cr (VI) removal using materials derived from harmful
algal bloom biomass [24]. Ani et al., reported the use of carbon produced from biomass
materials for the sequestration of dyes, heavy metals, and crude oil components from
aqueous environments [25]. Furthermore, Vahabisani et al., generated an interesting review
about biomass-derived adsorbents for the removal of petroleum pollutants from water [26].

Finally, cyanobacteria have various potential binding sites, such as hydroxyl and
carboxyl groups, which are present on the cell wall. It has been shown that these chemical
groups are critical for the dye removal by means of a biosorption process [27,28]. In the
present study, the potential application of the biomass (obtained from cyanobacteria) to re-
move MB from aqueous solutions as a potential solution to the cyanobacteria accumulation
in the swamp is presented. Additionally, this study provides information on the kinetics
and adsorption process parameters.

2. Materials and Methods
2.1. Cyanobacterial Biomass: Preparation and Characterization

The samples were obtained from Ciénaga Grande de Malambo, on the left bank of the
Magdalena River, located in the Caribbean region. Details about biomass extraction can
be found in a previous report [29]. The surface morphology of biomass was examined
through field emission gun scanning electron microscopy (FEG-SEM). Furthermore, energy-
dispersive spectroscope (EDS) was used to identify the elemental composition of the
biomass. Finally, the infrared assay was carried out using an ECO-ATR alpha Bruker FTIR
spectrometer.

2.2. Adsorption Experiments

Different parameters that influence the adsorption process were studied in this work,
such as pH, initial concentration of MB, contact time, and adsorbent dose. All adsorption
experiments were carried out in triplicate. MB concentration was determined by spec-
trophotometry at a wavelength of 665 nm using 1.0 cm-long path cells (spectrophotometer
Shimadzu, Model UV-1800). The removal percentage of MB was determined according to
Equation (1) [30]:

Initial concentration (Cy) — Final concentration(C,)

% Removal of MB = — ;
Initial concentration (Cp)

x 100 (1)

The effect of the pH was determined using fixed conditions. In the process, 0.100 g of
biomass and 100 mL of solution with 50 ppm of MB were mixed in a flask. Five different
pH values were tested—the pH of the solutions was fixed at 2.0, 4.0, 6.0, 8.0, and 10.0 by
micro-additions of HNOj3 (0.0100 M) or NaOH (0.0100 M). The shake rate was 150 rpm
under controlled temperature (289 K) for 3 h. After obtaining the optimum pH condition,
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the effects of the adsorbent dosage (0.200, 0.400, 0.6000, 0.800, 1.000, 1.200 and 1.500 g/L),
contact time (15, 30, 60, 120, 180 and 240 min) and initial MB dose (25, 50, 100, 150, 200, 250,
300 and 350 ppm) were studied under the same shake rate and temperature conditions.
The amount of dye adsorbed at equilibrium, g. (mg/g), was determined by Equation (2):

Je = M )

m
where Cy (mg/L) is the initial concentration of MB in the liquid phase, C, (mg/L) is the
concentration at equilibrium of MB in the liquid phase, m(g) is the biomass amount and V(L)
is the volume of the solution [31]. The Langmuir (Equation (3)), Freundlich (Equation (4))
and Temkin (Equation (5)) isotherm models were used to study the adsorption mechanism
of the MB on biomass [32,33]. The Langmuir model is expressed as follows:

7 gm Ky Ce

T 11K Ce ©)

where g, is the amount (mg) of MB adsorbed per gram of biomass at equilibrium condition
(ge; mg/g), the Langmuir maximum uptake of methylene blue per gram of biomass is (g
mg/g); K, (L/mg) is the Langmuir constant and, the equilibrium concentration of the MB
is (C¢). Furthermore, the Freundlich model can be expressed as follows:

ge = KpCL/™ )

where Kr ((mg/g) (L/mg)1/n) and n are Freundlich constants, C.(mg/L) is the equilibrium
concentration of MB. Finally, the Temkin isotherm fits the following mathematic expression:

Ge = %Ln(ATcg) — BLn(A1C,) 5)
where A and B are the Temkin isotherm constants; bt represents the variation in adsorption
energy (kJ/mol) and B is the Temkin constant associated with the parameter by by the
relation (by = %), Ar is the equilibrium binding constant (L/mg), T is the absolute
temperature and R is the gas constant [34,35]. We used the correlation coefficient (R?) and
an average relative error (ARE) to determine the best isotherm fitting [36]:

qe_%“

100
RE=—Y 1 -1 (6)
n 1221 e

where ¢, is the experimental value, g¢ is the fitted value and 7 is the number of data points.

2.3. Kinetics Study

The mass in mg of MB which is adsorbed by a gram of the biomass at time, g; (mg/g),

was calculated according to:
Co—Cy)-V
qr = (Co=CH)V) @)

m

where C; (mg/L) is the liquid-phase concentration of MB solution at time ¢ (min) [30].
We employed three adsorption kinetic models: the pseudo-first and pseudo-second order
(Equations (7) and (8)) and the intraparticle diffusion (Equation (9)), according to the
following equations [37]:

In(g: — ge) = In(ge) — k1t (8)
t 1 t
St 4 9
9t kage>  qe ©)

qe = kigt'* + C (10)
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where g; is the mass in mg of MB which is adsorbed by a gram of the biomass at time ¢
(min) and g, is the amount of dye adsorbed at the equilibrium point (mg/g), k;(min 1)
and ky(g*mg~'min ') are the rate constants of the pseudo-first and pseudo-second order
model, respectively, and the k;;(mg/g*min'/?) is the intraparticle diffusion rate constant.
The best fitting kinetics model was determined according to the correlation coefficient (R?)
and the average relative error value. The general scheme of the experimental process is
shown in Figure 2.

—

Malambo Cyanobacterial

Swamp culture
Adsorption Biomass
and kinetics !

study treatment

N

= «First order Characterization
= = Second order

qt (mg/g)

+ MB/Biomass

——Intraparticle

0 20 40 60 80 100 120 140 160 180
Time (minutes)

Figure 2. General procedure. The samples were obtained from Ciénaga Grande de Malambo, and
were subjected to cyanobacteria culture and biomass extraction, physical-chemical biomass treatment,
characterization, and kinetic study.

3. Results and Discussion
3.1. Biomass Characterization

The cyanobacterial genera Leptolyngbya, Raphidiopsis, Lyngbya, and Planktothrix were
identified as the main components of the dry biomass. These genera are characterized by
having filamentous organization and high requirements of nitrates to grow successfully [29].
The FTIR spectroscopy, SEM and the EDX experiments were carried out to characterize
the biomass. The identification of chemical groups located on the biomass surface was
performed by FTIR spectroscopy [38]. The biomass spectrum (see Figure 3, green line)
was analyzed between 500 and 4000 cm~! (Figure 3). The band located at 3500 cm™!
corresponds to bonded -OH from carboxylic groups on their surface. The signal located
at 1664 cm ™! corresponds to the carbonyl (-C=0) stretching from the amide group. The
band located at 3350 cm~! corresponds to the N-H stretching and indicates the presence
of imino compounds. The band located at 1425 cm ™! is assigned to primary alcohols,
while the bands located at 1160 cm ™! and 1262 cm ™! are associated with ester groups [39].
Therefore, the functional groups identified on the biomass suggest that it is suitable for
the bioadsorption of cationic molecules such as MB on their surfaces. The morphology
characterization of the biomass surface was performed using an SEM assay [40].
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Figure 3. FTIR spectra of the obtained biomass (green line) and biomass/dye (blue line).

FTIR spectroscopy is widely used to characterize the mechanism of binding on al-
gal surfaces with the help of the hydroxyl, carboxylic acid, amine, amino, sulfonyl and
phosphate functional groups found in the structure of the biomass. Thus, we performed
the comparison of the FTIR spectra before and after dye adsorption (see Figure 3, blue
line). The depicted results indicate that MB is generally attached to hydroxyl, amine and
carboxyl groups of biomass [41]. Furthermore, it would be possible to regenerate the used
biomass, as has been previously reported by Singh et al., using diluted NaOH [42].

An EDX assay was conducted to determine the elemental compositions of the biomass;
see Figure 4. The results indicate that the chemical composition of biomass was: 5.04% of
carbon, 53.64% of oxygen, 13.47% of nitrogen, 19.44% of sodium, and 3.40% of calcium
with some other trace chemical elements. The abundance and components revealed by
EDX are consistent with the FT-IR results. The high percentage of carbon, nitrogen, and
oxygen is a typical requirement to enhance the adsorption of dyes by the biomass.

5.4 -
4.3 4

3.2

Counts

1.1+ B

Fe P
Si Ca

Al Cl l Fe
0.0— = U T T U T T T T T T T
10. 20. 3.0 40. 50. 60. 70. 80. 9.0. 10.0. 11.0.12.0. 13.0

Energy (KeV)

Figure 4. EDX spectrum of biomass.

Figure 5 shows the SEM images of the biomass (magnification ranges between
3-500 um). The morphology observed indicates a high degree of roughness and a heteroge-
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neous surface [28]. These features favor the diffusion and adsorption of MB molecules into
the internal space of the biomass. Figure 5 shows porous and finely segregated particles of
different sizes (around 0.5-2 pm) which could be responsible for the sorption process.

Figure 5. Scanning electron micrographs of biomass at different magnification scales.

3.2. Adsorption Parameters Assay

An important controlling parameter in the adsorption study is the pH value. This
parameter affects chemical groups on the biomass surface and also influences the ionization
of the dye molecules [43]. Thus, we studied the pH effect in the range from 2.0 to 10.0.
Figure 6 shows the pH’s effect on the percentage (%) of MB removal.

The %MB removal increases as the solution pH increases and the maximum %MB
removal was reached at pH = 6.0. At higher pH values, the chemical-ionic intracellular
composition changes, affecting the cell membrane chemical groups and their function (e.g.,
lipids and glycoproteins). The basic hydrolysis of different chemical groups can yield
more negatively charged sites on the biomass surface [44]. The results show that the %MB
removal increases from pH 2.0 to 6.0. At acidic pH values, the available hydrogen ions
compete with the MB molecules, binding the sites of the biomass surface, whereas at higher
pH values, there predominates an electrostatic attraction between the negatively charged
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surface and the positively charged MB [45]. According to these results, the optimum
pH value for MB removal was pH = 6.0.

90

80 I i I
70

60 I

50

% MB removal

40
30 I

20

1 3 5 7 9 11
pH

Figure 6. The pH effect study for the %MB removal (0.001 g biomass and 100 mL of solution with
50 ppm of MB). The described system was stirred at 150 rpm under controlled temperature conditions

(289 K) for 3 h).
The biomass concentration effect on the %MB removal was studied in the range of 0.2

to 1.5 g biomass/L at a fixed pH of 6.0. Figure 7 shows the obtained results.

90

80

70 i

60

50

40 3

30

20

10

0 +
0 0.2 04 06 0.8 1 1.2 14 1.6
Adsorbent dose (g/L)

% MB removal

Figure 7. The adsorbent dose effect for the %MB removal (100 mL of solution with 50 ppm of MB,
pH = 6.0, system was stirred at 150 rpm and kept at 289 K for 3 h).

The %MB removal increased as the biomass concentration was higher as the active
sites available on the biomass surfaces increased due to a higher biomass dose [46]. Figure 7
shows that the saturation limit is reached for doses higher than 1.0 g/L. This saturation
behavior is associated with the reduction in the concentration gradient between the MB
solution and the biomass surface [47]. Furthermore, Figure 8 shows the MB concentration
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effect on the removal process. Higher %MB removal was obtained at low concentrations,
as more active sites are available on the biomass surface [48]. As observed, when the initial
MB concentration increases at a fixed amount of adsorbent, the number of available sites
decrease on the biomass surface, and therefore, the MB molecules compete for the active
sites, decreasing the efficiency of the adsorption process [49].

90
80 ¥
70 L

60

% MB removal

50

]
40
20 60 100 140 180 220 260
MB Concentration (mg/L)
Figure 8. Effect of initial MB concentration (1.000 g of biomass, pH = 6.0, system was stirred at
150 rpm at 289 K for 3 h).

Figure 9 shows the effect of time on the adsorption process (15-240 min). The %MB
removal increased as the contact time increased, reaching a plateau at an exposure time of
120 min. Thus, before this time, the active sites available are higher, and the adsorption is
faster; this stage is controlled by the MB molecules’ diffusion from the bulk solution to the

biomass surface.

90
80

% MB removal
= NN W b U OO N
o o O o O o O
HH
3 2]

o
-

0 50 100 150 200 250
Contact time (min)

Figure 9. Adsorption time effect on the %MB removal (1.000 g of biomass, 100 mL of solution with
50 ppm of MB, pH = 6.0, system was stirring at 150 rpm at 289 K).

After 75 min (see Figure 9), the adsorption is not under the diffusion regimen. After
that time, the process is dominated by the mass-transfer from solution to the biomass
surface. Thus, this process is controlled by the presence of active sites available on the
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biomass surface. Therefore, before 75 min, the removal of MB is faster and it declines over
the contact time due to a reduction in the number of active sites available on the biomass
surface [50].

3.3. Adsorption Parameters Assay

Figure 10 shows the adsorption isotherm for MB removal; furthermore, Table 1 lists the
adsorption isotherm parameters calculated after fitting the models to experimental data.

200 !
: A
. """"L‘l’l>‘i"'
125 e
o0 o
£ 100 e ¢ MB/Biomass
) " ;' ----Freundlich
50 Langmuir
;’; ....... Temkin
25 if
0

0 25, 50 75 100 125 150
Ce (mg/L)

Figure 10. Fitting adsorption isotherm models for MB adsorption on biomass.

Table 1. Isotherm models parameters.

Isotherm Model Parameters
-1 -1 2 o
.1 gmax (Mg g™") Ky (Lmg™) R;-R ARE (%)
Langmuir 238.1 0.024 0.45-0.9412 12,5
Kr (mg g (L R2
Freundlich 2 mg—H)l/n 1/n 0.9913 4.8
14.23 ’
. A (Lmg™1) R?
3
Temkin 0416 B (kJ/mol) 0.9181 24.7

I Parameters according to Equation (3). 2 Parameters according to Equation (4). 3 Parameters according to
Equation (5).

The Freundlich adsorption isotherm model has a higher fitting coefficient and lower
ARE value than the rest of the used isotherm models. The good fitting with the Freundlich
model indicated that the MB adsorption is of the multilayer type; furthermore, it indicates
that the biomass surface is heterogeneous [51]. This result agrees with the morphology
exhibited by the SEM assay. The value of the 1/n = 0.52 indicates that the adsorption
process is favorable [52]. Furthermore, the K constant of the Freundlich fitting was 14.32,
where a higher value of K suggested that the biomass adsorbent had a higher affinity
for MB dye. Yang et al., reported a Kg = 1.71 for Cr removal from sugarcane pulp residue
and biosorbent [53], Kilic et al., reported a Ky = 9.30 for Ni removal from almond shells
and biosorbent [54], and Amouei et al., reported a K = 5.28 for Cd removal from canola
residue [55]. Compared to these previously reported studies, our results show the potential
of cyanobacterial biomass for MB removal.
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3.4. Adsorption Kinetics

The kinetic mechanism for the MB adsorption on biomass can be studied indirectly
using different kinetics models. In this work, we used three different models. Figure 11
shows adsorption kinetic data, and Table 2 lists the parameters for the fitting of the kinetics
data. The pseudo-second order model (PSO) showed best-fitting regression values (higher
R? and lower ARE value). These results suggest that the chemisorption is the dominant
interaction during the MB adsorption on biomass surface. In the case of the intraparticle
diffusion model, the kinetics data fitting parameters showed the worst results for the three
models; it has been reported that this model requires a faster mass-transfer rate for the first
stage of the adsorption process [56]. These results indicate that the intraparticle diffusion
is not the dominating mechanism for the adsorption of MB onto biomass, and thus this
model is not suitable for describing the herein adsorption process.

50
40
o0
= 30 )
% / + MB/Biomass
= 20 Vi — - =First order
10 — = Second order
— [ntraparticle
0

0O 20 40 60 80 100 120 140 160 180
Time (minutes)
Figure 11. Adsorption kinetics for MB adsorption on biomass.

Table 2. Kinetic values calculated for MB sorption onto biomass.

Model Parameters
e 1 ge (mg g_l) kq (min—1) R? ARE (%)
Pseudo-first-order 50.95 0.045 0.9483 248
: ) 5 ge (Mg gfl) ko (g.mgflminfl)
Pseudo-second-order 46.51 0.013 0.9976 3.0
. e C(mgg) kig (g mg~'min~1)
3 i
Intraparticle diffusion 16,55 21569 0.8079 9.7

1 Parameters according to Equation (8). 2 Parameters according to Equation (9). 3 Parameters according to
Equation (10).

Our results are in accordance with other reports related to pollutant adsorption on
biosorbent adsorbents. Wu et al., reported that this kinetics model described the Pb
(IT) adsorption using biochar [57]. Furthermore, the same trend was reported in other
studies [58,59]. The main advantage of using cyanobacterial biomass as a biosorbent source
is that this application can resolve the eutrophication problems generated by cyanobacterial
growth in the swamp of Malambo. This strategy could be implemented in other locations
in the Caribbean or other world places where this kind of situation is presented.

4. Conclusions

The MB removal on biomass obtained from cyanobacterial cultures was shown. The
adsorption of MB on the biomass shows a maximum value at a pH of 6. The rapid
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adsorption process takes place at very low concentrations. The Freundlich model was
suitable to describe the MB removal (R2 = 0.9913; ARE = 4.8%). Furthermore, the PSO
model was suitable to describe the adsorption kinetic data indicating chemisorption, which
could be the major interaction during MB adsorption on the biomass’ surface. All results
indicate that the cyanobacterial biomass can be used as an economical sorbent for MB
remotion. This application provides an alternative to resolve the eutrophication problems
generated by cyanobacterial growth in the swamp of Malambo. Finally, this strategy could
be implemented in other locations in the Caribbean or other regions around the world
where this kind of situation is present.
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