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HIGHLIGHTS GRAPHICAL ABSTRACT

e Ionic flocculation is a simple, inexpen-
sive and highly efficient process.

o Biodegradable and sustainable surfactant.

o Fast and high removal of Methylene Blue
(0.5 min-93.71%).

e Process of exothermic nature.

ARTICLE INFO ABSTRACT

Keywords: Methylene Blue (MB) is a dye widely used in the industrial sector and in human and veterinary pharmacology.
Methylene Blue This dye, if improperly disposed of, can cause a significant environmental impact due to its low biodegradability,
Sur_fa‘:ta“t . as it is a stable and complex substance. Additionally, it may affect human health and generate highly toxic
Z;lslzrggziulanon byproducts. Hence, the purpose of this work is to assess the removal efficiency of MB from a synthetic effluent
Desorption using a ionic flocculation process. Such a process consists of the dissolution of a biodegradable anionic surfactant

(obtained from soybean oil used for frying food) in the synthetic effluent and the subsequent addition of calcium
to the system. The addition of Ca leads to the formation of insoluble surfactant flocs with a high capacity to adsorb
organic pollutants. The FTIR testing showed the presence of OH™ and C=0 groups in the surfactant flocs, which
favor the removal of MB by an adsorption process. The maximum adsorption capacity of MB was 101.38 mg g~ *.
The process is in fact a chemisorption and has an exothermic nature. Desorption studies showed a desorption
efficiency of up to 47.81% using an ethanol 1:2 solution. An MB removal efficiency of up to 93.71% was attained
in just 0.5 min for an initial MB concentration of 100 mg L', showing that ionic flocculation is a very fast and
effective process for the treatment of effluents.

1. Introduction MB is a cationic dye used as a coloring agent for paper and fabrics [2].

Moreover, MB has also been used in human and veterinary pharmaco-

The treatment of dye-containing effluents is a daily concern in in-
dustrial facilities because of the aesthetic impact and potential toxicity
problems. Dyes affect the environment mainly because they are difficult
to degrade, as they are relatively stable compounds [1].
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logical products for a long time [3, 4]. MB is known to cause disorders in
humans and to generate highly toxic byproducts such as sulfur and ni-
trogen oxides, facts that have rendered its removal from effluents
mandatory [5, 6, 7, 8, 9].
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Dyes cannot be completely removed from effluents through conven-
tional processes (activated sludge and anaerobic digestion) due to their
low biodegradability and complex structure [10]. Therefore, finding
more adequate methods, more efficient and less costly, is essential.

Among several techniques currently used for the removal of dyes from
effluents, the following can be highlighted: Fenton reaction [11], gels
and hydrogels [12, 13], biocomposites films [14], photo-catalytic
degradation [15], modified membranes [16, 17], ultrafiltration [18,
19], flocculation [20, 21], and adsorption.

Adsorption is an effluent treatment method widely explored due to its
low cost, simple operation and high efficiency. With that in view,
different materials have been used to remove MB from effluents by
adsorption, such as fresh bamboo [22], activated carbon [2], kaolin [10],
fly ash [9], anodic sludge [23], and modified manganese [24].

The use of surfactants (SF) for the removal of MB is a viable alter-
native as they can be obtained from low-cost raw materials. SFs are
amphiphilic substances in which the polar part is responsible for the
molecule's affinity for water and the nonpolar part interacts with
nonpolar substances.

The addition of calcium (Ca®") to the SF + effluent solution leads to
the formation of insoluble SF salts, a process known as ionic flocculation.
These salts appear in the form of surfactant flocs which, in turn, have a
significant decontamination potential for organic compounds [25].

The SF produced from vegetable oils does not have branched carbon
chains or aromatic groups attached and, consequently, is biodegradable
[26, 27]. In addition, the positive profile of this product's ecological and
sustainable impact cannot be stressed enough, as it does not generate
byproducts that are harmful to the environment.

Another advantage of this SF is that it is obtained from used frying
soybean oil, giving thus an adequate destination to a domestic/industrial
waste that has a low biodegradability and is capable of harming aqueous
ecosystems and living organisms like terrestrial plants and animals.

Therefore, this work aims to study the efficiency of MB removal by
ionic flocculation, promoted by the use of SF originated from frying
soybean oil. Also intend to analyze the influence of pH, temperature and
electrolytes on the process, establish the adsorption parameters, and
analyze the desorption process. It is worth mentioning that this is the first
time that frying soybean oil is used as a raw material to promote ionic
flocculation, presenting advantages such as: low cost (since it is a waste
commonly improperly disposed of in the environment), high removal
efficiency at low and high concentrations of MB, simple and fast process,
and its biodegradability.

2. Methodology
2.1. Surfactant production

The SF used in this study was synthesized in the laboratory from
frying soybean oil and potassium hydroxide (KOH), using a mass ratio of
79.35% and 20.65%, respectively. This ratio was based on the saponifi-
cation index of the oil. Initially, the masses of oil and KOH (146 g and 38
g, respectively) were weighted. Then, the oil was diluted in 24 mL of
ethyl alcohol and the KOH in 33 mL of distilled water. Soon after that, the
solutions were mixed in a 500 mL beaker on a heated magnetic stirrer
(100 rpm and 80 °C).

Figure 1. Molecular structure of SF.
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The system was maintained as indicated above until the surfactant
was formed, a process that took approximately 40 min (i.e. the period of
time upon which the saponification reaction and SF formation was
completed). Then, the SF was dried in an oven at 105 °C for 8 h. After
drying, the SF was macerated and stored in a suitable plastic container
until it was used in the experiment. The open molecular structure of SF is
shown in Figure 1.

2.2. Surfactant characterization

Energy dispersive spectroscopy (EDS) (FEL, Inspect S50) tests were
conducted before and after the MB adsorption process in order to better
understand the composition of the SF flocs.

The SF flocs were also analyzed by Fourier transform infrared (FTIR)
spectroscopy (PerkinElmer, Spectrum Two), both before and after the MB
adsorption process, in order to identify the surface functional groups. The
samples were prepared using KBr pellets and the studied spectrum range
was 4000-450 cm ™.

In both cases, the SF flocs were previously dried at room temperature
and stored in a desiccator until the testing was performed. The constant
solubility product (Ksp) of the surfactant is 3.7 x 1019 M3 [28].

2.3. Tested parameters

The MB (C;6H18N3SCl, 319.85 g mol ™) adsorption studies were
conducted under different experimental conditions. Table 1 summarizes
the tested parameters and conditions.

A stock solution of MB with a concentration of 500 mg L™! was
prepared by dissolving MB in deionized water. All other MB solutions
were prepared by diluting the stock solution.

Except when tested for the effect of pH and electrolytes, the SF was
completely dissolved in the MB solutions, followed by the addition of
ca®t. To analyze the pH effect, the pH of the solutions was adjusted with
HCI and NaOH solutions (1 mol L™1) immediately after the dissolution of
SF and before the addition of Ca2*.

The effect of electrolytes was tested using NaCl, which was dissolved
in the solutions after the complete dissolution of the SF and before the
addition of Ca®". This is a crucial parameter in this type of study as in-
dustrial effluents generally have high concentrations of electrolytes [29].

Ca®* was added to the solutions as a CaClj solution (0.023 mol L’l). 4
mL of the CaCly solution were used per sample, resulting in a Ca®"
concentration per solution of approximately 0.002 mol L™, This con-
centration was sufficient to promote the ionic flocculation process.

After each of the steps described above, the SF flocs were separated
from the samples using a commercial filter paper. The concentration of
MB in the filtered samples was measured using a UV-VIS spectropho-
tometer (Shimadzu, UV 1800) at a wavelength of 665 nm. All steps were
performed in triplicate.

2.4. Contact time and desorption kinetics

The SF dosage was set at 4 g L~! while initial MB concentrations of 10,
50 and 100 mg L™! were studied to determine the equilibrium time. All
the other data are outlined in Table 1. The desorption efficiency was
analyzed using the same data used for the equilibrium time analysis, with
the exception of the initial MB concentration (0 mg L™!) and the pH
values of the solution (which varied depending on the eluent used). The
following eluents were used for the desorption study: deionized water
(pH = 5.54), HCI 0.1 mol L%, HCl 0.01 mol L™}, NaOH 0.1 mol L7},
ethanol 1:5, and ethanol 1:2.

After the ionic flocculation took place, the MB-adsorbed SF flocs were
washed with deionized water, dried at room temperature and stored in a
desiccator until the desorption kinetics tests were conducted. Eq. (1)
shows how the desorption efficiency (%DES) was calculated:
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Table 1. Different tested parameters.

Test SF MB (mg LY Electrolytes (NaCl Time (min) pH Temp. (°C) Volume Stirring
gL mol L) (mL) (xpm)
SF dosage, Temperature and 1-2-3-4 100 0 90 11 10-20-30-40- 20 80
Thermodynamics 50-60-70
pH 4 100 0 90 7-8-9-10- 30 20 80
11-12-13
Electrolytes 1-2-3-4 100 0-0.3-0.5 90 11 30 20 80
Contact time 4 10-50-100 0 0.5-1-5-10-20-30-60-90- 11 30 20 80
120-150-180-240-300
Isotherms 4 10-50-100-150-200- 0 90 11 30 20 80
250-300-350-400

C 2.6. Adsorption thermodynamics

9%DES = ( : )100 1 P e
Dsrqo

where: C; is the MB concentration in the solution at a given time (mg
L™Y); Dgpis the SF dosage (g L™1); and g, is the quantity of MB present on
the flocs at the initial moment (mg g’l).

2.5. Adsorption isotherms

The adsorption isotherms were studied using the Langmuir (Eq. (2)),
Freundlich (Eq. (3)), Temkin (Eq. (4)) and Dubinin—Radushkevich (D-R)
(Eg. (5)) non-linear models.

_ qmakaCe
=1 k.C. 2
qe = kFCel/n 3
% :’%m(che) 4
1 2
e = Qm exp{ — kpr {R’Tln(l + E) ] } 5

where: g, — SF adsorption capacity at the equilibrium time (mg g 1); qmax
— Maximal adsorption capacity (mg g~ 1); k; — Langmuir isotherm con-
stant (L mg’l); C. — MB concentration at equilibrium in the liquid phase
(mg L_l); kr — Freundlich isotherm constant (mg g_l (mg L~V ™;n—-
Constant related to the heterogeneity of the adsorbent's surface; R —
Universal gas constant (8.314 J mol ! K’l); T — Process temperature (K);
b - Constant related to the adsorption heat (kJ mol’l); Qm — Maximal
theoretical adsorption capacity for the formation of a monolayer (mg
g_l); kpr — D-R isotherm constant (mol® kJ2).

The kg, constant is associated to the separation factor or equilibrium
parameter (RL), which is a dimensionless constant defined by Eq. (6).

1

Rl=1"%¢

6
If RL > 1, adsorption is not favored; if RL = 1, adsorption is linear; if
0 < RL < 1, adsorption is favored; and if RL = 0, adsorption is irreversible
[30].
The kpgr constant is associated to the mean adsorption energy (E),
which can be calculated through Eq. (7).

1
V2kpr

where: E is the mean adsorption energy of the process (kJ mol™!). From
the value of E, can infer the nature of the process, that is, whether it is a
physical adsorption (E < 8 kJ mol 1), an ion exchange (8 < E < 16 kJ
mol’l), or a chemisorption (E > 16 kJ mol’l) [31].

The Gibbs free energy (AG°), enthalpy (AH°) and entropy (4S°) can be
calculated from the equilibrium data through Egs. (8) and (9).

AG®° =AH° — TAS® 8

quspi AS° AH°
C. 2.303R 2.303RT

log

where: g, — SF adsorption capacity at the equilibrium time (mg g’l); Ce—
MB concentration at equilibrium in the liquid phase (mg L™1); R - Uni-
versal gas constant (8.314 J mol 1 K’l); T — Process temperature (°K).

AH° and AS° can be obtained from the angular and linear coefficients,
respectively, of the straight line plotted by log (q.Dsr/Ce) vs 1/T. Once the
values of AH° and AS° are obtained, AG° can be calculated for different
temperatures using Eq. (8).

2.7. Removal efficiency

The MB removal efficiency was calculated using Eq. (10):

%Removal = <C”C_, Ce) 100 10

o

where: C, — Initial MB concentration in the liquid phase (mg L_l); C.—MB
concentration at equilibrium in the liquid phase (mg L™1).

2.8. Error analysis
The root mean square error (RMSE) (Eq. (11)) was used in order to

improve the interpretation of the results and decide which models best fit
this study.

— J 3 [0 ~ ) ] .

T N

where: g,y — Experimental adsorption capacity (mg g Y); gea — Caleu-
lated adsorption capacity (mg g~ 1); N — Number of experimental points.

3. Results and discussion
3.1. Characterization of the SF

The elemental composition of the SF flocs, before and after the
adsorption of MB, was determined by EDS (Figures 2a and 2b and
Table 2).

Figures 2a, 2b and Table 2 show that SF flocs are basically composed
of C (67%), Ca (22.50%) and O (10.10%), with a small percentage of Cu
(0.30%) and Si (0.10%). After MB adsorption, the amount of the
following elements in the SF flocs increased: C (78.90%), O (14.20%) and
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Figure 2a. EDS from surfactant flocs before MB adsorption.
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Figure 2b. EDS from surfactant flocs after MB adsorption.

Cl1 (0.50%). This was due to the interactions between the surface of the SF
flocs and MB as, after the adsorption process, part of the dye was
removed from the solution and retained on the SF flocs. After the
adsorption process, Ca and Cu decreased to 6.30% and 0%, respectively,
possibly due to the new bonds formed between SF and MB, promoting a
decrease in the percentage of Ca in the SF flocs and its resolubilization in
the form of Ca%" [21]. The interaction between SF-MB occurs in the
non-polar tails of SF flocs, as these have an affinity for organic com-
pounds. The mechanism of the ionic flocculation process is illustrated in
Figure 3.

The FTIR spectra and the main vibration frequencies of the bands for
SF, before and after MB adsorption, are shown in Figure 4.

The FTIR analysis confirmed that SF flocs have OH™ and C=O
functional groups, which favor the adsorption of cationic dyes as these
groups are active sites of interaction [32].

Figure 4 shows the presence of hydroxyl groups (OH") both before
and after the ionic flocculation process, as seen in the region between
3200 and 3600 cm ™!, while the OH™ intensity decreased after MB
adsorption. This behavior was also observed in the adsorption of MB by
activated carbon [32] and alginate beads [33]. A decrease in intensity
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Table 2. Elemental composition of the SF flocs.

Elements SF flocs, before ionic SF flocs, after ionic
flocculation (%) flocculation (%)
C 67.00 78.90
Ca 22.50 6.30
[0} 10.10 14.20
Cu 0.30 0.00
Si 0.10 0.10
Cl 0.00 0.50
Total 100 100
+
K
Q 2+
0 X l /0 Ca
|

Transmittance

T
4000 3500

SF Flocs + Methylene Blue
(After lonic Flocculation)
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after the ionic flocculation took place was also noted at the following
peaks: 2850-2921.62 cm ™! (stretching of C-H, indicating the presence of
long-chain linear aliphatic compounds), 1576.48-1578.14 cm™!
(R-COOK potassium salts) [34], 1540.39-1541.07 cem! (stretching of
the C=O group), 1419.50-1468 em™! (CH, bending), and
672.38-723.41 cm™! (stretching of -C-Cl). The decrease in intensity at
these peaks occurs because of the electrostatic interaction between the
MB molecules and the SF flocs, which possibly formed new bonds with
these functional groups, making the vibration of these molecules
difficult.

SF Flocs
(lonic Flocculation)

A = Methylene Blue

Figure 3. Mechanism of ionic flocculation process.
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Figure 4. Functional groups on the SF flocs, by FTIR.
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Still on Figure 4, can see as well the appearance and disappearance of
peaks. A new peak appeared at 3012.28 cm ™! after the ionic flocculation
process, which can be attributed to the presence of simple unsaturated
olefinic compounds. This peak probably already existed before the ionic
flocculation process but was hidden by the neighboring peak, which was
minimized after the adsorption of MB causing the “new” peak to become
visible. The peaks at 1711.78, 623.91 and 488.68 cm™!, which were
there before the ionic flocculation, indicate the presence of simple
carbonyl (possibly carboxyl) groups and the stretching of organic halides
and polysulfides (S-S), respectively [35].

3.2. Effect of dosage and temperature

The surfactant dosage effect is a very important parameter to be
studied, as it can influence the ability to change the effluent's pH, the
equivalence of available adsorption sites and the release, or not, of sec-
ondary pollutants into the effluent. Figure 5 shows the SF dosage and
temperature effects on the process.

Figure 5 shows that a greater SF dosage leads to a greater removal
efficiency. This occurs due to the formation of more SF flocs and,
consequently, the number of active sites available to adsorb MB mole-
cules is also increased. Another possible reason for this behavior is the
ability of MB to decrease the CMC of SF and contribute to the formation
of micelles. The dissociation of the MB molecules present in the solution
may be inserted into the polar part of the SF, promoting a reduction in the
electrostatic repulsion of the SF micelles [36]. Similar results were found
in the adsorption of MB by activated carbon [2], kaolin [10] and on the
precipitation/flocculation of MB by calcium dodecyl sulfate [21].

Figure 5 also shows that temperature strongly influences the process.
The removal efficiency increased as the process temperature decreased,
which is a strong indication that the removal of MB by the SF flocs is an
exothermic process. The removal efficiency decreased with increasing
temperatures due to the increased SF solubility at higher temperatures,
impairing the formation of SF flocs. Similar results were found for the
removal of another dye (Reactive Blue 14) by ionic flocculation [37].

The best result obtained from the interaction between SF dosage and
temperature was an MB removal of 84.14%, using an SF dosage of 4 g L ™!
(considered the optimal dosage) at 10 °C. At room temperature (30 °C)
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and using the optimal dosage, the MB removal efficiency was 80%,
proving that ionic flocculation is a highly efficient method even without
adjusting the process temperature. This is still a great result as it avoids
electricity expenditures, which also reduces the environmental impact of
the process.

3.3. The pH effect

The pH directly affects the ionic flocculation process, as the surfactant
has an anionic nature. Therefore, a strong sensitivity to pH variation is
expected. Figure 6 shows the effect of pH on the ionic flocculation
process.

From pH 12 upwards, MB presents a small change in its structure, as
the MB peak shifts to 665 nm due to the high pH of the solution. In
Figure 6, the removal of MB at pH > 12, without the addition of SF or
calcium, illustrates this structural change in MB. Even though there is a
23% removal, MB is still in solution, not showing any increase in its
removal efficiency. The addition of Ca?* alone promotes an MB removal
of 18.32%, which is lower than the lowest removal efficiency obtained by
ionic flocculation (25.19%).

Figure 6 shows that ionic flocculation conducted at a pH < 10 has a
maximal MB removal efficiency of 31.44%. This is due to SF's deproto-
nation at a pH close to neutral or acid. Due to the greater availability of
H" ions, at these pH values SF undergoes a deprotonation and returns to
its fatty acid state [37].

From a pH of 10 upwards (83.27% MB removal), there is a jump in the
efficiency of the process until reaching the equilibrium state (pH 11,
93.71% MB removal). Above 11 (considered to be the optimal pH), the
increase in pH had no influence on the MB removal efficiency. Similar
results were observed for the removal of phenol [38] and malachite green
dye [39] by ionic flocculation.

3.4. Effect of electrolytes

The analysis of the influence of electrolytes is an important step, as
the presence of electrolytes can directly affect the ionic flocculation ef-
ficiency. Figure 7 shows the effect of electrolytes on the ionic flocculation
process. NaCl concentrations greater than 0.5 mol L™ cause the
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Figure 5. SF dosage and temperature effects (MB — 100 mg L, NaCl - 0 mol L%, 90 min, pH 11, 20 mL, 80 rpm).
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Figure 7. Effect of electrolytes (MB — 100 mg L™, 90 min, pH 11, 30 °C, 20 mL, 80 rpm).

precipitation of SF even before the addition of Ca?*, thus impairing the
analysis of the process.

Figure 7 shows that the presence of electrolytes directly influences the
ionic flocculation process regardless of SF dosage. As NaCl concentration
increases, MB removal decreases. This is because the increased avail-
ability of Na* ions in the solution impairs the dissociation of SF, as the
Na™ ions themselves interact with SF [40, 41]. Consequently, the amount

of SF available to interact with Ca2* decreases, also diminishing the
formation of SF flocs, which ultimately are the ones responsible for the
removal of MB.

The maximal removal of MB (84.93%) was reached at an SF dosage of
4 g 1! and without any addition of NaCl. For the same dosage of SF with
0.3M NacCl, the removal rate dropped to 72.79%, while for 0.5M NaCl it
dropped to 64.30%. The lowest MB removal rate (31.58%) was obtained
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with an SF dosage of 1 g L' with 0.5M NaCl. The same behavior was also
observed with the removal of Reactive Blue 14 [37] and Direct Yellow 27
[42] by ionic flocculation.

3.5. Contact time

The study of the contact time makes it possible to verify the affinity of
MB for the surface of the SF flocs. Figure 8 shows the influence the
contact time has on the process.

As shown in Figure 8, the removal of MB decreases over time until an
equilibrium level is reached, a behavior that was seen with all three MB
concentrations assessed in this study. This occurs because the MB mol-
ecules, initially solubilized by the SF micelles, eventually migrate to the
surface of the flocs formed by the addition of Ca®*.

However, MB has its adsorption on the surface of the SF flocs affected
by its hydrophilic nature, leading to a reduction in the efficiency of the
process until it reaches equilibrium after 90 min. This type of behavior
was also observed in the removal of Reactive Blue 14 by ionic floccula-
tion [37].

The highest removal rates for the three MB concentrations assessed in
this work were reached almost immediately (0.5 min). The removal rates
for MB concentrations of 10, 50, 100 mg L1 at that time were 96.94%,
96.66% and 93.71%, respectively. At equilibrium (90 min), the removal
rates for MB concentrations of 10, 50, 100 mg L~ ! were 91.94%, 89.91%
and 79.98%, respectively.

The highest adsorption capacities for the three MB concentrations
(10, 50, and 100 mg L) were reached upon 0.5 min and were 2.42,
12.08 and 23.43 mg g™}, respectively. At equilibrium (90 min), the
adsorption capacities for MB concentrations of 10, 50, 100 mg L™! were
2.30, 11.24 and 20 mg g, respectively.

3.6. Adsorption isotherm

From the study of adsorption isotherms, it is possible to calculate the
maximum adsorption capacity of the SF flocs, assess whether the
adsorption process is favorable or not, and whether the process is a
physisorption, ion exchange or chemisorption. Figure 9 shows the
adsorption isotherm models evaluated for the process and Table 3 pre-
sents the parameters evaluated for each model.
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Figure 9 and Table 3 show that the Langmuir and D-R adsorption
isotherm models are the ones that best fit the results of this study (they
are the two models with the highest R? and lowest RMSE). According to
the Langmuir model, the process qmax is 101.38 mg g ' and the
adsorption of MB by the SF flocs is favored, as 0 < RL < 1. According to
the D-R model, the MB removal process by ionic flocculation occurs by
chemical adsorption, or chemisorption, as E > 16 kJ mol !. This last
assumption is confirmed by the FTIR results, where it was possible to
notice a decrease in intensity of some peaks and the disappearance of
others, indicating that chemical bonds are formed between the SF flocs
and MB.

The Langmuir model assumes that there is a certain given number of
active sites with equivalent energies and that the molecules adsorbed on
each site do not interact with each other. In addition, adsorption occurs
as a monolayer formation process [43]. The D-R model assumes that the
size of the adsorbent is comparable to the size of the micropore and that
the adsorption equilibrium ratio does not depend on the temperature
[44].

3.7. Adsorption thermodynamics

The spontaneity and nature of the process (exothermic or endo-
thermic), as well as the decrease or increase in randomness in the system,
can be determined through the thermodynamics tests. Table 4 shows the
thermodynamic parameters obtained in the process.

Table 4 shows that, with the exception of an SF dosage of 1 g L™, all
other tested dosages had equal or similar values of AH® and AS°. Nega-
tive values of AH® indicate that the MB adsorption process on the SF flocs
is exothermic and, therefore, should expect for the removal of MB by
ionic flocculation to be favored by a decrease in temperature. This result
is in agreement with that shown in Figure 5.

The decrease in AS° with increasing SF dosages indicates that the
disorder of the MB molecules retained on the SF flocs also decreases or, in
other words, that the MB molecules are less randomly removed from the
solution by the SF flocs. These results are in agreement with the ther-
modynamic theory involving adsorption processes, which states that the
values of AH® and AS° must be both negative [44].

Negative AG® values indicate that the MB adsorption process by the
SF flocs occurs spontaneously, whereas AG°® positive values would

100
95
g .
2 90 |
e IE
e
2 1
b=
(3}
o 851
>
o
5 "
12
80 + l % %
75 T T T ,

= 10 mg/L
® 50 mg/L
A 100 mg/L

e
B—

T T T T
150 200 250 300

Time (min)

Figure 8. Contact time (Dgz — 4 g L™, NaCl — 0 mol L™, pH 11, 30 °C, 20 mL, 80 rpm).
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Table 3. Adsorption isotherm parameters.

Dye T (°C) Langmuir D-R
Qmax (Mg g71) k. (L mg™ 1) RL? R? RMSE qm (mg g™ ) kpr (mol® kJ~2) E (kJ mol 1) R? RMSE
MB 30 101.38 0.02 0.33 0.96 4.45 69.78 8.23E-5 77.94 0.96 4.21
Temkin Freundlich
b (J mol™1) kr (Lmg™1) R? RMSE kg (L. mg™ 1) n R? RMSE
0.67 175.34 0.83 8.87 6.63 1.98 0.91 6.45

2 Initial MB concentration: 100 mg L.

indicate a non-spontaneous process. The results presented in Table 4
show that the spontaneity of the process directly depends on temperature
and SF dosage.

Increasing SF dosages leads to an increase in the spontaneity of
the process, while a decrease in the SF dosage causes the MB
adsorption on the SF flocs to occur non-spontaneously, requiring,
because of its exothermic nature, a reduction in temperature for the
process to occur.

3.8. Desorption kinetics and efficiency

The study of desorption is important to evaluate the recyclability and
reuse of SF flocs as an adsorbent for more than one cycle. Figure 10 shows
the kinetics and efficiency of the MB desorption from the SF flocs after
the adsorption process has already occurred. The eluents HCI (0.1 mol
L1 and HCI (0.01 mol L1 cause the destruction of the SF flocs (data
not shown), making the use of these eluents unfeasible. The flocs used in

Table 4. Thermodynamic parameters.

Dgr(gL™))  Temp. (°C) AG° (kJmol™))  AH° (kJmol™?) AS° (kJmol 'K™') Dg (gL Temp. (°C) AG° (kJmol!)  AH° (kJmol™")  AS° (kmol 'K1)
1 10 —0.28 —~12.98 -0.04 3 10 —3.22 —25.08 —0.08
1 20 0.17 3 20 —2.45

1 30 0.62 3 30 -1.68

1 40 1.07 3 40 —-0.90

1 50 1.51 3 50 -0.13

1 60 1.96 3 60 0.64

1 70 2.41 3 70 1.41

2 10 —2.01 —21.49 —0.07 4 10 —4.17 —26.87 —0.08
2 20 -1.32 4 20 -3.37

2 30 —0.63 4 30 —2.57

2 40 0.06 4 40 -1.77

2 50 0.74 4 50 —0.96

2 60 1.43 4 60 -0.16

2 70 2.12 4 70 0.64
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Figure 10. Desorption kinetics and efficiency (SF — 4 g L1, NaCl - 0 mol L™}, 30 °C, 20 mL, 80 rpm).
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Table 5. Comparison of ionic flocculation with previous studies.

Method MB (mg LY MB removal efficiency (%) MB removal cap. (mg LY Max. ads. cap. (mg g’l) Reference
Tonic Flocculation 100 93.71 93.71 101.38 This work
Flocculation 50 98.63 49.32 Unstudied 20
Flocculation 90 98.99 89.09 Unstudied 46
Adsorption 20 90.00 18.00 35.70 22
Adsorption 100 97.50 97.50 52.76 10
Ultrafiltration 6 99.30 5.96 Unstudied 18
Ultrafiltration 5 94.33 4.72 Unstudied 19
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the kinetic desorption study and adsorption-desorption cycles (Figure 11)
contained 26.67 mg-MB g~ 1.

Figure 10 shows that the least efficient eluent is NaOH (0.1M) and the
most efficient one is the ethanol 1:2 solution. The maximal desorption
efficiencies using NaOH (0.1M), deionized water (pH = 5.54), ethanol
1:5, and ethanol 1:2 were 2.41%, 6.59%, 12.68% and 47.81%,
respectively.

The desorption kinetics reached a state of equilibrium for all eluents
starting at 150 min from contact, which is an excellent result as it shows
that there is no need to wait long periods of time to promote the
regeneration of the SF flocs.

Ethanol 1:2 was able to desorb much of the MB present on the flocs’
surface, leaving only the MB adsorbed within the flocs' macro and mi-
cropores. The hydrophobic interaction between the MB molecules and
the ethanol molecules leads to an increase in the solubility of MB,
reducing the amount of MB adsorbed on the SF flocs and increasing the
desorption efficiency. Similar results were obtained for the desorption of
MB on agar [45].

Figure 11 shows the adsorption-desorption efficiencies and the
adsorption capacity of the SF flocs for three cycles. After three consecu-
tive cycles, the adsorption efficiency decreased from 88.91% to 66.67%
while the desorption efficiency decreased from 44.59% to 17%. This
reduction occurs due to the increase of irreversible interactions between
MB and the SF flocs. Consequently, the adsorption capacity of the flocs
also decreases with increasing cycles, being 26.67 mg g~ ! in the first
cycle and 16.37 mg g~ ! in the third cycle. Recyclability studies suggest
that the SF flocs generated in the ionic flocculation and already
impregnated by the dye can still be regenerated and effectively used to
remove MB from the solution.

3.9. Comparison with other studies

Table 5 was constructed in order to compare the ionic flocculation
removal efficiency and the adsorption capacity of the SF flocs with other
studies found in the literature using MB as a model pollutant.

From Table 5, it can be concluded that ionic flocculation using frying
soybean oil as surfactant provides a high MB removal efficiency and that
the SF flocs have a high MB adsorption capacity, which indicates a po-
tential similar to that shown by previous studies.

In addition, the treated effluent was analyzed in order to identify
contamination by secondary pollutants (residual Ca2+). The hardness
analysis through complexation volumetry using EDTA showed a result of
approximately 34.50 + 4.27 mg-CaCOs; L~!. Therefore, the treated
effluent has a low hardness (soft water) and, consequently, a small
amount of secondary pollutants, indicating that ionic flocculation using a
surfactant originated from frying soybean oil is an ecologically sound
process and a strong contributor to sustainable technologies.

4. Final considerations

In this work, frying soybean oil was used as raw material to pro-
mote ionic flocculation as a treatment of a synthetic effluent contam-
inated with MB. SF flocs have OH™ and C=O functional groups, which
promote the adsorption of the dissolved MB. SF dosage and tempera-
ture directly influence MB removal, while the removal efficiency in-
creases when the SF concentration is increased and the process
temperature decreases. High pH values (pH > 9) lead to the best MB
removal results, while the presence of electrolytes decreases the effi-
ciency of the process. Equilibrium is reached in 90 min. The isotherm
models that best fitted the results of this study are the Langmuir (qmax
= 101.38 mg g !) and D-R models, indicating that we are in the
presence of a chemisorption process. The adsorption of MB on SF flocs
has an exothermic nature (—AH°). The best eluent to promote MB
desorption from the SF flocs is an ethanol 1:2 solution. With an MB
removal efficiency of up to 93.71% for an initial MB concentration of
100 mg L™, ionic flocculation promoted by a surfactant obtained from

Heliyon 8 (2022) e10868

frying soybean oil is a promising process for the treatment of effluents
containing cationic dyes such as MB.
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