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Abstract: The efficiency of the living biomass of the microalga Chlamydomonas moewusii in removing
methylene blue dye is determined. The kinetics, equilibrium isotherms, and the effects on this process
of the pH, contact time, and initial concentration of the dye are studied. Fourier transform infrared
spectrometry and point of zero charge are used to characterize the biomass and explore the process.
The maximum removal capacity derived from the Langmuir isotherm is 212.41 + 4.55 mg/g after
7 h of contact time at pH 7. The removal process is rapid because kinetic studies revealed that the
best fit of the data is with pseudo-third-order kinetics. The removal efficiency is dependent on the
pH; as the pH increased, the efficiency is higher. These results show that the living biomass of this
microalga is a very efficient biosorbent and therefore very suitable for the removal of methylene blue
from aqueous solutions.

Keywords: microalga; dye; biosorption; bioremediation; decolorization; environmental pollutants

1. Introduction

Within the great variety of pollutants present in water, dyes constitute one of the
largest and most important groups. They are compounds of common use in the industry,
highlighting textiles as the main emitter, although they are also used in the paper, food,
medical, etc. industries [1]. Because of this activity, the dyes end up, along with the rest
of the pollutants in the wastewater, in the aquatic ecosystems. In these ecosystems, the
presence of dyes is very apparent since only small amounts (usually less than 1 mg/L)
are needed to be visible. They absorb and reflect sunlight, interfering with its proper
penetration into the water column, altering the solubility of gases, and therefore seriously
disturbing aquatic life and the food chain. In recent decades, knowledge about the toxicity
of the most commonly used organic dyes has increased; some of these are now considered
carcinogenic or mutagens, and for this reason, their elimination from water has become a
priority environmental health issue [2—4].

Methylene blue is one of the most widely used dyes; it is a cationic dye used in
the coloring of paper, wool, and cotton; it is useful in microbiology, surgery, clinics, and
diagnosis [5]. Akin to other dyes, methylene blue has serious environmental repercussions,
and although its toxicity is not considered too high (a safe drug when used in therapeutic
doses), it can cause vomiting, increased heart rate, confusion, and tissue necrosis with
prolonged exposure. Akin to the rest of the organic dyes of a synthetic nature, methylene
blue is considered a recalcitrant compound, resistant to aerobic degradation and stable
against oxidizing agents, resulting in a very low natural elimination. For this reason,
effective and inexpensive methods are needed for its elimination.

Conventional treatment processes such as advanced oxidative processes, precipitation,
or membrane separation have disadvantages such as their high cost, poor performance, or
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generation of waste. Adsorption processes have been an excellent alternative. Compared to
traditional sorbent materials, such as activated carbon, new materials have been proposed
(natural materials, industrial and/or agricultural waste, microbial biomass...) that are
more economical, efficient, and respectful with the environment. Since these materials
have a biological origin, the technology that uses them is called biosorption. Biosorption
has been used with varying degrees of success for the removal of methylene blue from
aqueous solutions [6-8]. Additionally, although many materials have been evaluated for
this purpose, the search for suitable materials is a fundamental pillar for the development
of this technology. In this sense, microalgal biomass is considered an excellent alternative
to be used in this technology. This biomass can be used alive or dead [9], with little or no
modification [10], it can be efficiently immobilized on various matrices [11] and used in
biotechnological processes (both immobilized and free), its production is low-cost, and at
the same time, other benefits such as CO; fixation [12] or the production of biofuels [13]
can be obtained. The evaluation of this type of biomass to be used efficiently in biosorption
processes is a current topic.

The use of living biomass is not very widespread and has been little evaluated in
biosorption processes [14-17]. However, the use of living cells can offer interesting ad-
vantages. Since cells are active, bioaccumulation and biotransformation can increase the
amount of pollutants removed, increasing performance. In addition, only production and
harvest are necessary to use the living biomass in these processes, since no subsequent
treatments are necessary. More studies using living biomass as biosorbents to remove
pollutants are required to adequately assess this strategy.

The aim of this work is to study the properties of the living biomass of the microalga
Chlamydomonas moewusii to act as a low-cost sorbent without transformation in the removal
of methylene blue from an aqueous solution. In general, the species of the genus Chlamy-
domonas are easy to produce and have been widely studied, for this reason, it is interesting
to test this biomass for its application to the elimination of pollutants.

2. Materials and Methods
2.1. Obtaining the Microalgal Biomass

For the present study, the CCAP 11/5B strain of Chlamydomonas moewusii Gerloff
obtained from the Culture Collection of Algae and Protozoa (CCAP) of the Dunstaffnage
Marine Laboratory (Scotland, United Kingdom) was used. The medium used for the culture
of this microalga was Bristol sterilized in an autoclave at 120 °C for 20 min. The biomass of
this microalga was obtained from stock cultures in the laboratory. The cultures were carried
out in 1 L Pyrex bottles and incubated in a culture chamber at a controlled temperature of
18 £ 2 °C. The cultures were aerated using atmospheric air filtered through Millipore filters
of 0.22 pm pore size and with a constant flow of 10 L/min. Illumination was 68 pE/ (m? s)
with a 12:12 h light-dark cycle.

2.2. Stock Solution of the Dye

Three stock solutions of the dye were prepared to allow an adequate volume to
be added into the tubes of the experiments to obtain the final concentration of the dye
necessary for each test. The stock concentrations used were 100, 1000, and 5000 mg/L. Each
stock concentration was obtained by dissolving a suitable amount of the dye powder in
deionized water.

2.3. Characterization of the Biosorbent

Fourier transform infrared spectroscopy (FTIR) and the point of zero charge (pHpzc)
were used to characterize the C. moewusii biomass.

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR was used to recognize functional groups on the biomass before and after the
biosorption of methylene blue. The spectra were obtained by applying the attenuated
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total reflection (ATR) mode on the FTIR spectrometer (Thermo Scientific Nicolet iS10). The
specifications were the following: 64 cumulative scans, a range of 525-4000 1/cm and
resolution spectrum of 4 1/cm. The biomass was obtained by centrifugation at 4500 g for
15 min and was previously dried and ground before these analyses.

2.3.2. Point of Zero Charge (pHpzc) Determination

The pH drift test was used for the determination of the point of zero charge. Six pH
solutions (2-13) with 50 mL of 0.1 M NaCl were used in the test. The pH of each solution
was adjusted to these initial pHs using HCI or NaOH. In total, 40 mg of microalgal biomass
was added to each of the pH solutions. This 40 mg of biomass was obtained as follows: a
volume of the microalga stock culture enough to obtain a number of cells equivalent to
40 mg of dry weight (Neubauer chamber counting was used) was centrifuged at 4500 g
for 15 min. The cells obtained were washed in the 0.1 M NaCl solution. After a new
centrifugation, the collected biomass was resuspended in each pH solution. The biomass in
these solutions was stirred for 3 h, and the final pH was recorded.

2.4. Batch Biosorption Studies

The experiments were carried out in 50 mL Kimax tubes with a duration of 7 h in which
the cells were exposed to different concentrations of methylene blue. The concentrations
tested were the following: 0.75,2.25,4.5, 9, 12, 24, 48, 96, 200, and 400 mg/L.

To each tube the following was added:

e A determined volume of the stock culture of the microalga equivalent to an amount of
dry biomass of 40 mg (0.8 g/L) (this volume was also obtained after determining the
cell density of the culture by means of a Neubauer chamber);

e  Anadequate volume of any methylene blue stock solution according to the concentra-
tion tested;

e  Sterile deionized water until reaching a final volume of 50 mL.

The tubes were shaken at 200 rpm by means of an orbital shaker. The final pH was
kept around 7.0 & 0.4 at all concentrations tested. To keep the cells active, the tubes were
incubated in the culture chamber at 18 4- 2 °C with a light intensity of 68 uE/(m? s). Control
tubes exposed to light and in the dark (covered with aluminum foil) both without cells
were included in the experiments with the purpose of studying the stability of the dye in
darkness and light (photodegradation). All experiments were performed in triplicate.

Aliquots were taken from each tube to determine the amount of methylene blue at 0,
0.042,0.08,0.25,0.5,1, 15,2, 3,5, 6, and 7 h. These aliquots were centrifuged at 13,000 g
for 10 min at 4 °C. The supernatant was transferred to an Eppendorf tube and stored at
—20 °C until quantification of methylene blue.

2.5. Determination of the Effect of pH

Several pHs (2-10) were tested to investigate the effect of pH on the removal of
methylene blue by this microalgal biomass for 7 h and at a dye concentration of 200 mg/L.
Control tubes with dye but without biomass, both in light and in darkness, at the same pHs
were also included in these experiments to detect possible variations in the concentration
of the dye not due to the effect of biomass. The conditions of the experiments were the
same as those indicated above. The pH was measured with a Basic 20 pH meter (Crison).
Sodium hydroxide or hydrochloric acid was used to adjust the pH of the solutions.

2.6. Analytical Method

The methylene blue concentration in the supernatants was determined by measuring
its absorbance at 665 nm using a Shimadzu UV-1700 spectrophotometer (Japan). Previously,
a calibration curve was made with solutions of known methylene blue concentration to
obtain the equation of a line that allowed calculating the concentration of the dye as a
function of the absorbance measured.
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The amount of dye removed by the biomass was calculated by the following equation:
g = (G =C) =Cr)xV/m ey

where g is the amount of methylene blue removed per unit of biomass (mg/g) at time ¢ (h),
C; is the initial concentration of the dye, C; is the concentration of the dye at time ¢ in the
control tube exposed to light but without cells, C; is the concentration of the dye at time ¢
in the supernatant of the tubes with the cells (all concentrations in mg/L), V is the volume
of the solution (L) and m the total mass of microalgae (g).

2.7. Removal Kinetics Analyses

Five kinetic models were evaluated to establish which model best describes the re-
moval kinetics of this dye by the living biomass of the microalga. These models ranged
from pseudo-first-order to pseudo-fourth-order. An intraparticle diffusion model was used
to understand a possible mechanism. Their equations are shown in Table 1.

Table 1. Kinetic models included in this study:.

Kinetic Model Differential Equation Equation
Pseudo-first-order model % =ki(ge — q) q=qe(1—e it
Pseudo-second-order model % =ka(qe — q)z 7= f;zzkfzt
Pseudo-third-order model % = k3(ge — q)3 q=0qe— m
Pseudo-fourth-order model % = ky(ge — q)4 qg=_qe— m

Intraparticle diffusion model
(Weber—-Morris)
g (mg/g): mass of dye removed per unit of mass of biosorbent at time ¢. 4. (mg/g): mass of dye removed per unit
of mass of biosorbent at equilibrium. k1 (1/h), k» (g/(mg h)), k3 (g2/(mg? h)), ks (g°/(mg? h)), k; (mg/ (g h®d)),
ks (1/h): constant rate of the respective model. I (mg/g): Intercept in the Weber—Morris model.

- q= k,'to's +1

2.8. Isotherm Studies

Sorption isotherms were used to study the equilibrium characteristics of the sorption
of this dye by the living biomass of the microalga. The isotherm models selected in this
study are shown in Table 2.

Table 2. Isotherm models included in this study.

Isotherm Model Equations
. e = (qmuxKLCe)/(l + K Ce)
Langmuir 1
RL = 14+K.Cy
Freundlich ge = KpCl/"
Temkin ge = (%)LW(ATCE)
Je = QmuxeiBDsz

Dubinin—-Radushkevich
Ep =1/¥2Bp

Ce (mg/L): concentration of dye in solution at equilibrium. g, (mg/g): amount of dye removed at equilibrium
per unit of mass. g (Mg/g): maximum removal capacity. K; (L/mg): constant related to removal capacity.
Ry : separation factor. Cy (mg/L): initial sorbate concentration. Kr (mgl‘(l/ m LVny g): constant related to the
affinity for the biosorbent. n: intensity of removal. At (L/mg): Temkin isotherm equilibrium binding constant. by
(g]/(mg mol)): constant related to the heat of removal. T (°K): absolute temperature. R (J/(mol K)): gas constant.
Bp (mol?/J?): free energy sorption per mole of the sorbate. &: Polanyi potential calculated with the equation:
e = RTLn(1+1/C,) Ep (kJ]/mol): apparent energy of removal.
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2.9. Statistical Analysis

Data are represented as mean = standard error of three independent experiments. A
Student’s t test (o« < 0.05) was used to compare the results obtained between two groups,
and an ANOVA with Tukey’s test to compare between more than two groups (normality
and homogeneity of variances were previously verified). Non-linear regression was used
to fit the removal data to the equations of the different models (kinetic and isotherm) using
SigmaPlot version 12.5 for Windows (Systat Software, Inc., Redmond, WA, USA). The error
function initially selected to minimize the non-linear regression was the sum of the squares
of the errors (SSE) given by the following formula:

SSE = Z?:l (Vexp - Vcalc)z 2)

where Veyy is the experimental value obtained, V. is the calculated value from the model,
and n is the number of observations in the experiment.

To establish the goodness of fit and choose the model that best explains the data, the
regression coefficient (?) and the Akaike information criterion (AIC) were used.

3. Results and Discussion
3.1. Stability of the Dye: Photodegradation

To determine the stability of methylene blue, and thus be able to attribute its removal
only to the effect of biomass, experiments were carried out with the same conditions as
those for biosorption but without adding biomass. The tubes with the dye exposed to
light allowed us to study if the dye underwent photodegradation during the time that the
experiments lasted. While the tubes in the dark allowed us to determine losses of the dye
due to other possible factors. Comparison by means of a Student’s f test (paired samples)
of the initial concentration of dye (at time zero) with the concentration of dye after 7 h
of exposure to the intensity of light used for the culture of the microalga, indicated that
there were no significant differences (tpg = —1.53, p = 0.137) in the concentration of dye. A
photodegradation effect of methylene blue was ruled out of all concentrations tested. A
similar result was obtained with the tubes in the dark (t;9 = —1.21, p = 0.237). Therefore,
this dye remained stable during the experiments and with the exposure conditions tested.
This result coincides with that obtained in biosorption experiments with the microalga
Phaeodactylum tricornutum under culture conditions (illumination) similar to those used in
these experiments. These results show the stability of some dyes, such as methylene blue
and crystal violet, under standard microalgae culture conditions. However, unlike these,
there are also other dyes, such as safranin, that are susceptible to photodegradation under
these conditions [18]. For this reason, it is important to verify this process when using
living microalgal biomass under culture conditions. This result of no photodegradation
of methylene blue under usual culture conditions agrees with the fact that aggressive
conditions (high degree of oxidation and light intensity) are necessary for the physico-
chemical degradation of methylene blue. To achieve these conditions, certain reagents are
necessary that can increase the cost of the process and can be very disrespectful with the
environment [19,20]. For this reason, having an efficient biological removal process would
be an excellent alternative.

3.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Figure 1 shows the FTIR spectra of the biomass of C. moewusii before and after the
methylene blue removal process. In the spectra, the three main characteristic regions of this
type of spectra with microalgae can be observed. The peak around 1740 1/cm corresponds
to the lipids; the regions between 1600-1690 1/cm and 1480-1575 1/cm are called amide I
and amide II, respectively, and correspond to amide groups associated with proteins; finally,
the region 900-1200 1/cm corresponds to carbohydrates. The broad peak at 3440 1/cm
corresponds to the presence of -OH groups, the peaks at 2925 and 2958 1/cm correspond
to the stretching of the C-H bonds, the peaks from 1395-1460 1/cm corresponds to the
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bending vibration of CH, and CHj groups, and symmetrical stretching of the C=0O group
in the formation of carboxyl (-COOH). The peak around 1253 1/cm corresponds to organic
phosphates [21,22].

Amide I
n{C=0)
1650

-0OH
3440

ds(CHz) Carbohydrates
mide 11 ds(CH3)  ME-0-C)
d(N-H) ns(€=0)
1530 1395

|
ds(CH2)
ds(CH3)
1652 1454

P=0
Before nas{;ﬂ )

Absorbance

O SN N R N N

Wave number 1/cm

Figure 1. FTIR spectra of Chlamydomonas moewusii before and after the removal process of
methylene blue.

No significant changes in the spectra were observed before and after the removal
process, which seems to indicate that the main mechanism of removal was by ion exchange
between the negatively charged groups of the microalgal cells and the cationic dye. This
is a common result in methylene blue biosorption processes using biomass. That is, FTIR
spectra are similar before and after sorption or have slight shifts in the peaks corresponding
to some functional groups (amine, hydroxyl, C=0, and C-O) [23-25]. This indicates that
electrostatic attraction is the main biosorption mechanism for this compound. The dye
binds electrostatically to certain components of the biomass. In the case of microalgal
biomass, there are many components, mainly located on the cell surface, that contribute to
this process because they provide negative charges (negative zeta potential predominately
caused by dissociated carboxylic groups) that facilitate the union of cationic dyes [26].
This may be one of the reasons why microalgal biomass is very suitable for biosorption of
cationic sorbates.

3.3. Point of Zero Charge (pHpzc)

The sorption processes of ionic compounds are highly influenced by the pH [27];
therefore, the determination of the sorbent’s pHp,. is important, since, depending on this
value, the sorption may or may not be favored. The surface of algae has various functional
groups whose charges can vary with pH. When the charge of these groups is opposite to
that of the sorbate, sorption is favored. In the case of the living biomass of C. moewusii, the
pHpzc obtained was 5.72 (Figure 2). Above this pH, the biomass of this microalga will be
negatively charged.
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Figure 2. Point of zero charge (pHpzc) determination of C. moewusii biomass.

3.4. Effect of Contact Time on the Removal of Methylene Blue by Living Cells of the Microalga

Figure 3 represents the amount of dye removed per unit of biomass during the time.
The amount of dye removed after 7 h was statistically significant (t;9 = 4.46, p < 0.0001).
This removal was due to the effect of biomass, since, as previously demonstrated, the
amount of dye did not vary in the absence of biomass. This removed amount increased
quickly at the start of the process. The speed was faster in the lower concentrations of
methylene blue and decreased as the concentration increased. After this initial phase, an
equilibrium was observed. Only about 0.5 h was needed to reach this equilibrium at the
lowest concentration of the methylene blue tested. This time increased to 1.5 h at the
highest concentration. The abundance of free sites in the biomass would explain this initial
speed, which decreases as they become saturated with the dye.

200 - -
L - = & : Initial
] = 1 methylene blue
) concentration
. ’ I ‘ ) i (mgiL)
140 s ] o — L4 s
i g - 9-225
— 120 - = -~ = B
g 1 ¥ 45
D 100 )
E __________ -—— F & 12
= 80 #F T 24
804 o7 .
7 ol - 48
60 A e
T R
404 1/ o - oo
20 .
0] &
I T . .
0 2 4 6
Time (h)

Figure 3. Evolution of the amount of methylene blue removed per unit of biomass throughout the
contact time. Points represent the means of three replicates and bars indicate the standard deviation.
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3.5. Effect of the Initial Dye Concentration

The initial concentration of methylene blue had a significant effect on the amount of
dye removed (ANOVA, Fg 5o = 6190.31, p < 0.0001) (Figure 3). According to this figure,
an increase in the initial dye concentration caused an increase in the concentration of dye
eliminated. With an initial dye concentration of 0.5 mg/L, the amount of dye removed
per unit of biomass was 0.64 & 0.03 mg/g, whereas with the highest concentration tested
(400 mg/L), the amount eliminated was 192.71 &+ 8.92 mg/g.

However, when the removed amount of dye was expressed as a percentage of the
added initial amount (Table 3), the percentage decreased when the initial concentration of
dye increased. At the lowest concentration tested, almost all the added methylene blue was
removed; however, this percentage progressively decreased to 38.7 &= 1.3% at the highest
initial concentration. As the initial dye concentration increases, there are more residual dye
molecules that do not have access to the sorption sites and therefore remain in the solution.
This behavior is common in these types of processes [28,29].

Table 3. Percentage of methylene blue removed based on the initial concentration added.

Initial Dye Concentration (mg/L)

0.5 2.25 4.5 9 12 24 48 96 200 400
p(%) 999+02 9244+03 854+£06 838+21 827+09 842+£07 805+12 796+02 607+07 387+13
3.6. Removal Kinetics
The kinetic studies allow the characterizing of the removal process and deducing of a
possible mechanism. For these reasons, it is important to fit the experimental data to the
best possible model. In this study, five kinetic models (Table 1) were evaluated in order to
find the model that best explains the removal of methylene blue using living cells of this
microalga. Although the pseudo-first-order and pseudo-second-order models are the most
used [27,30], two additional models have been evaluated in this work (pseudo-third and
pseudo-fourth order) due to the high speed observed in the removal. The adjustment of the
experimental data to these models confirmed that the model that best defined the obtained
results was the pseudo-third-order. This model is the one that obtained the highest 2
values and the lowest values of the AIC in all the methylene blue concentrations tested
(Table 4).
Table 4. Correlation coefficients (12) and AIC (Akaike information criterion) values obtained for the
data adjusted to the kinetic models.
Kinetic Model
Metl};:;eg Blue Pseudo-First- Pseudo-Second- Pseudo-Third- Pseudo-Fourth- Intl.‘apar'ticle
. Order Order Order Order Diffusion
Concentration
(mg/L) 12 AIC e AIC r? AIC 72 AIC I AIC
0.5 0.965 —74.48 0.992 —-93.29 0.996 —101.48 0.994 —95.63 0.421 —40.55
2.25 0.957 -35.97 0.992 -57.29 0.994 —60.14 0.989 -53.19 0.564 —8.16
4.5 0.955 —20.85 0.993 —44.91 0.997 —55.11 0.993 —44.86 0.590 5.88
9 0.953 —4.96 0.990 —24.39 0.996 —36.99 0.994 —31.58 0.557 22.03
12 0.954 2.419 0.983 -9.73 0.986 -12.11 0.983 —9.58 0.627 27.58
24 0.954 19.22 0.989 1.12 0.993 -3.30 0.989 1.613 0.600 45.36
48 0.940 39.94 0.983 24.42 0.991 17.60 0.989 18.28 0.727 58.11
96 0.955 53.51 0.991 34.20 0.996 23.69 0.995 25.66 0.767 73.26
200 0.953 64.47 0.989 46.41 0.995 37.60 0.994 39.19 0.755 84.48
400 0.941 72.34 0.985 55.98 0.993 47.55 0.992 48.16 0.721 91.15
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The kinetic parameters obtained with this model are shown in Table 5. With these
parameters and considering this model, the half-removal time (¢, /5, the time required for the
removal to reach half of the equilibrium value) can be calculated using the following formula:

t1/2 = 1/<Z*q32*k3> (3)

Table 5. Kinetic parameters derived from the model that obtained the best fit to the data (pseudo-
third-order).

Kinetic Parameters
(Pseudo-Third-Order)

Initial
Methylene Blue qe ks tin
Concentration (mg/g) (g%/(mg? h')) (h)
(mg/L)
0.5 0.66 + 0.02 130.12 + 12.85 0.009
2.25 2.80 + 0.03 254 +0.27 0.025
45 5.14 + 0.04 0.70 £ 0.05 0.027
9 9.90 + 0.08 0.26 &+ 0.02 0.020
12 13.11 £+ 0.25 0.09 + 0.01 0.033
24 26.81 + 0.35 0.02 + 0.003 0.028
48 53.31 + 0.99 0.003 £4 x 10~* 0.066
96 108.07 + 1.41 47 x107%4+4x 1074 0.092
200 169.35 + 2.42 21x107%+2x%x 105 0.082
400 210.10 + 3.37 19%x 1074 +£2x107° 0.060

As can be seen in Table 5, the half-removal time was very short at all concentrations
tested. This time it increased with the initial concentration of methylene blue. However, it
only took 3.6 min at the highest methylene blue concentration. This shows the high affinity
of this dye for the biomass of this microalga.

The intraparticle diffusion model was used to study the mechanism and the limiting
step in the removal process of this dye by the living microalgal biomass. Although this
model was the worst adjusted to the data obtained (Table 4); therefore, intraparticle diffu-
sion does not appear to be an important mechanism in this process, the information that
this model provided was interesting to study the process. The parameters obtained with
this model are shown in Table 6. Since the value of the intercept (I) is not zero and is a high
positive value, there is a rapid initial removal in a short period of time. This is consistent
with the fit obtained for pseudo-third-order kinetics. Furthermore, this is indicative that
intraparticle diffusion is not the only step that controls the rate of the process.

Table 6. Parameters associated with the intraparticle diffusion model.

Parameters
Initial Methylene Blue
Concentration kihO_S I y
(mg/L) (mg/(g h™)) (mg/g)
0.5 0.14 £0.05 0.36 £ 0.07
2.25 0.69+ 0.18 1.20 £0.26
4.5 1.30 £ 0.32 214 4+047
9 2.41 £0.63 4.47 £0.93
12 3.48 £0.80 5.03 £1.17
24 6.86 = 1.65 10.93 £+ 2.45
48 15.48 £+ 2.81 1541 +4.17
96 32.28 £5.29 26.56 £+ 7.84
200 49.88 + 8.44 44.60 + 12.51
400 60.37 £ 11.14 63.59 £ 16.51
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In fact, the linear representation of this model (g vs £0-5) (Figure 4) showed multilin-
earity in all the concentrations tested. This indicates that there are several mechanisms
controlling the process. Two steps can be well differentiated. An initial step of rapid
removal, mainly due to sorption to the surface of the cells, and a second, more gradual step,
until equilibrium is reached. This step had a higher speed (greater slope of the line) as the
concentration of the dye increased (from 0.11 in the concentration of 0.5 mg/L to 13.40 in
the concentration of 400 mg/L). In this second step, the entry of the dye into the cells could
have a greater role.

oI5 =
£ A ; =
1 . & s - ¥ 3
51 < -_ —_—— —he— A — b — — A —A—
(/f- —— 8 B — B —— > —S—
———— > —  — —E— —— —— —i — - &
0 1 2
125 (h®5) £%5 (h95)
225 —*—45 9 12 24 48 —»—96 200 400

Figure 4. Linear plots of the intraparticle diffusion kinetic model.

3.7. Isotherm Studies

Figure 5 shows the fit of the data to the isotherm models. The parameters derived from
these models are shown in Table 7. Considering the values obtained from the correlation
coefficients (r2) and the AIC, the data were better fitted with the Langmuir model. Therefore,
this model provided a better description of the experimental data. From this model, the
value of the maximum removal capacity of methylene blue was 212.41 £ 4.55 mg/g. In
this study, the separation factor values (R}, Table 1), derived from the Langmuir model
and calculated for all the methylene blue concentrations tested were 0.98, for the lowest
initial concentration of the dye, and 0.06 for the highest concentration. Since there were
values greater than zero and less than one, the removal of the dye by this biomass can be
considered favorable in all the concentrations tested [31].

200

180 S

160 -

140
5120 -
[=2]
£ 100
o 80

604" ®  Experimental

1{ Langmuir
404 Freundlich
20 1%, - - - Tenkim
— - = Dubinin-Radushkevich
0 T N Ll N 1 T T
50 100 150 200 250
C. (mg/L)

Figure 5. Equilibrium isotherms for methylene blue removal using living biomass of the microalga
C. moewusii.
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Table 7. Values of the constants derived from the isotherm models used in this study, and the error
functions (2 and AIC) used to assess the goodness of fit.

Isotherm Model Constants and Error Functions Value
Gmax (Mg/g) 212.41 + 4.55
. Kr (L/mg) 0.04 £ 0.002
Langmuir
Ry 0.06 — 0.98
2 0.997
AIC 35.60
1/n 0.42 + 0.05
Freundlich Kp (mg!=(m L1 /o) 2041 £ 4.66
2 0.950
AIC 67.56
At (L/mg) 18.84 + 28.61
Temkin br (g]/(mg mol)) 165.53 + 49.72
2 0.531
AIC 90.84
Gmax (Mg/g) 170.75 + 11.64
Bp (mol?/J?) 279 x 1075+ 7 x 10°°
D-R Ep (K] /mol) 0.13
72 0.943
AIC 67.61

The Freundlich model also provides interesting information about the process. The
constant K is related to the affinity for sorbate. The value obtained with this biomass can
be considered quite high (20.41 mg’ =" L/1/g) implying a high affinity. In addition, the
parameter 1/n, which is related to the heterogeneity of the sorbent, obtained an intermediate
value between 0.2 and 0.8, indicating a moderate heterogeneity of this biomass. Temkin’s
model obtained the worst fit of the data. This model can be used to calculate the heat of
the process. The constant bt was positive, which indicates that the removal process was
exothermic. Finally, the Dubinin-Radushkevich model is used to calculate the mean free
energy and to interpret the mechanism involved. If this value is between 8 and 16 kJ/mol,
the process would be more related to chemosorption, while a value below 8 kJ/mol would
indicate a physical process. The value obtained with this biomass was very low, which
would indicate that the methylene blue sorption mechanism would be physical. This would
be in agreement with the results of the analysis of the FTIR spectra indicated above.

3.8. Effect of pH

The initial pH of the solution is one of the main factors affecting the efficiency of
an ionic compound sorption process [27]. The pH alters the degree of ionization of the
sorbate and, at the same time, it affects the surface charge of the sorbent because it alters the
ionization of different functional groups that the sorbent may have. In this sense, it would
be desirable that the charges of the sorbate and sorbent be opposite to favor electrostatic
interaction. Previously, it was also verified with the tubes exposed to light and in darkness
that the dye remained stable at the pHs tested (2-10). Both the dark (t;7 = —0.021, p = 0.984)
and light (t;7 = 1.363, p = 0.191) tubes did not show variations in the initial concentration of
the dye after 7 h at the tested pHs.

Figure 6 shows the effect of pH on the efficiency of methylene blue removal by
C. moewusii biomass using an initial methylene blue concentration of 200 mg/L. As can
be seen in the figure, the efficiency of dye removal increased with increasing pH. This in-
crease was statistically significant both for the percentage removed (ANOVA, F5 1, = 74.491,
p < 0.0001) and for the amount of dye removed per unit of biomass (ANOVA, F5 1, = 84.734,
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p <0.0001). The lowest removal capacity was at pH 2 with 92.14 mg/g (36.9%). Since
the zero-charge point of this biomass was 5.72, at pHs lower than this value, the surface
charge would be positive, and since methylene blue is a basic dye, its charge would also be
positive, which would cause repulsion. As the pH rises, the positive charge of the biomass
decreases, and when the pH exceeds the value of the zero point, the charge will be negative,
which facilitates the electrostatic interaction between the biomass and the positive charge
of methylene blue (py, = 3.14), increasing the removal. In fact, the removal capacity was
172.09 mg/g (68.5%) at pH 10, which represented an increase of 31.6% with respect to pH 2.

100
o 4 180
d] __e
e 1 160
80 4 c.d,.’_’,
E . _
g ’ .o . 13
£ %" D g
E 60 b. ’ ./ D é
i iA'D 4120 &
/// / C 1
] (] |
1 B 100
' 3 - |
40 - +
+A 1 80

pH

Figure 6. Effect of pH on the efficiency of methylene blue removal using 200 mg/L of dye. Different
letters indicate significant differences in the Tukey test (x = 0.05).

This electrostatic effect may not be the only one responsible for this variation observed
with pH in the removal capacity of this biomass. Since living biomass is used, pHs far from
the optimal pH for the culture will cause physiological alterations with negative effects
on the metabolism of the cells. These negative effects can influence the removal process
because they will alter the additional bioaccumulation and biotransformation reactions
that live biomass can have under suitable culture conditions to favor the removal process.
This effect could be more intense towards low pHs since many microalgae have optimum
growth pHs in the neutral or slightly alkaline region, which implies that microalgae can
better tolerate more extreme alkaline pHs [32,33]. In the alkaline pH range, the higher
efficiency in the removal of methylene blue observed could be due to the joint action of the
electrostatic effect and cellular metabolism.

3.9. Comparison with Other Sorbents

To assess the benefits of the living biomass of this microalga in the removal of methy-
lene blue, it is interesting to compare this biomass with other sorbents already used for this
purpose. Table 8 shows some examples collected from the literature. As can be seen, the
biomass of this microalga presented a better performance than most of the used sorbents.
Additionally, in many cases, it shows a great difference. It is noteworthy that some of the
sorbents included in this Table have a high processing degree. Some sorbents require their
transformation into carbon (biochar and hydrochar), which implies a high energy cost due
to the use of high temperatures. Other sorbents are subjected to chemical transformations
(exposure to acids, alkalis, oxidations) that consume reagents; or some sorbents are bound
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to new materials that may be expensive (magnetic particles, nanoparticles, or polymeric
materials). The use of the living biomass of this microalga without transformation means
less processing and, therefore, a lower cost. The only requirements are the culture and
harvesting of the cells to obtain the biomass. The culture of microalgae is simple and offers
many biotechnological possibilities [34]. Today, algal biomass is considered a relevant
alternative, presenting advantages over terrestrial biomass such as higher growth rate,
low water consumption, no competition for arable land, carbon-neutral emissions, and the
production of numerous bioactive compounds [35]. Furthermore, biomass derived from
microalgae is offering very good results in the fields of pollutant removal and wastewater
treatment [18,36-38]. For these reasons, the biomass of this microalga can be very attractive
for the elimination of this dye, considering the high efficiency shown.

Table 8. Comparison with other sorbents using for the removal of methylene blue.

. t K tt ntact Tim D

Materials g;ng/cg) (mglf(lfn) Ln/g) Co ta(;t) ¢ ([mgy;;'}) References
Bifurcaria bifurcata 2744.5 189.8 0.25 10-1000 [39]
Fucus vesiculosus 698.48 225.3 24 100-2500 [8]
Oil palm shell carbon 384.62 132.28 30 50-500 [40]
Brewer’s spent grain 298.35 69.51 7 5-250 [41]
Brazilian berry seeds (Eugenia uniflora) 189.6 34.4 3 25-200 [6]
Magnetic Cortaderia selloana flower spikes 119.05 141 0.5 25-350 [42]
Chestnut husk 117.2 19.4 0.67 50-500 [43]
Chlamydomonas variabilis activated by HySO4 115 68.5 0.5 20-80 [21]
Sargassum ilicifolium 99.7 - 0.67 1.28-38 [44]
Cyanthilium cinereum 76.34 10.07 0.83 10-50 [71
Clay 58.20 - 2 10-100 [45]
Paspalum maritimum 56.18 13.08 0.83 10-50 [7]
Wood apple rind carbon 40.1 21.3 2 10-100 [46]
Hydrogel P(AAm-co-AcA) 39.59 - 24 5-50 [47]
Ipomoea carnea 39.38 3.96 2.7 10-50 [23]
Cystoseira barbatula 38.61 81.8 6 5-100 [48]
Banana peel 20.80 1.34 24 10-120 [49]
Neem leaf powder 19.61 9.47 5 25-70 [50]
Orange peel 18.60 1.75 24 10-120 [49]
Chlamydomonas variabilis (dead biomass) 18.3 1.26 0.5 20-80 [21]
Coconut coir 15.59 0.98 2.33 60-100 [51]
Ulva lactuca 10.99 1.45 2 5-25 [52]
Spent rice biomass 8.3 - 2 25-50 [53]
Fly ash 5.57 4.38 2 20-60 [54]
Glass fibres 2.24 2.12 6 25-50 [55]

C. moewussi (living, unmodified) 212.41 20.41 7 0.5-400 This work

 Parameter obtained from a Langmuir isotherm, ¥ Freundlich constant: affinity measure for the sorbent.

The use of living biomass may have other advantages derived from the fact that it
conserves metabolic activity. Due to this, the elimination of pollutants can be increased
by bioaccumulation and biotransformation, which are added to the bioadsorption process.
However, these two aforementioned processes are related to the possible toxic effect that
the pollutant may have on the cells of that organism. For this reason, more resistant
organisms will offer better possibilities. The species C. moewusii could be within this
group. Although there are no data on the toxicity of this dye for this species, and no
toxicity tests have been carried out in the present work, this tolerance would be a possible
explanation for the high efficiency of this species, used as living biomass, in removing
this dye. Taking this into account, it cannot be ruled out that these processes contributed
to the good efficiency of the living biomass of this microalga, although they were not
evaluated because the main objective of this work was to study the ability of this biomass
to remove this dye. A similar case was the use of living biomass from the marine microalga
Phaeodactylum tricornutum. This type of biomass was also more efficient than dead biomass
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in the elimination of safranin when the concentration of this dye was low [18]. Currently,
there are more and more studies of pollutant removal using living microalgal biomass (or
using cyanobacteria) [17,56,57], although they do not establish a comparison with dead
biomass as in this work. In any case, these works demonstrate the good performance of
this type of biomass and its potential as an eco-friendly and cost-effective sorbent.

4. Conclusions

The living biomass of the microalga Chlamydomonas moewusii is a suitable biosorbent
for the removal of methylene blue. It is a biomass with a high affinity for this dye, is
eco-friendly, and can be considered low-cost because it is a biomass that does not require
transformation to achieve high performance; only culture is necessary, which allows this
biomass to be easily available.
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