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Abstract: The contamination of water bodies with toxic compounds from the agricultural,
industrial, and domestic sectors is a serious environmental problem. Adsorption is one
of the simplest, most functional, and economical methods for treating large volumes of
water and removing its contaminant load. Thanks to its nanoporous structure, versatility,
chemical inertness, and low-cost synthesis, anodic aluminum oxide (AAO) can be used as
an adsorbent in a wide range of applications. In this work, nanostructured AAO coatings
were successfully synthesized, and their performance as adsorbents was evaluated in
decolorization tests of Eriochrome Black T (EBT) solutions. The adsorption process was
found to be dependent on the initial dye concentration, agitation, temperature, and contact
time. At 25 ◦C and 16 mg·L−1 initial EBT concentration, a maximum removal efficiency
(%R) of 78% was obtained after 4.5 h at 500 rpm and after 5.5 h at 100 rpm, while without
agitation, after 8.3 h of treatment, the highest %R was 40%. Furthermore, the adsorption
rate increased significantly with temperature, reaching a %R of 99% after 2.25 h at 60 ◦C
and 500 rpm. Additionally, it was demonstrated that the adsorbent can be used up to four
times with a removal efficiency greater than 50%.

Keywords: nanoporous aluminum oxide; adsorption; Eriochrome Black T

1. Introduction
The rapid growth of industrial activities has increased the amount of wastewater

containing highly toxic and environmentally harmful pollutants, such as dyes, heavy
metals, agricultural products, and pharmaceuticals [1–3]. Dyes mainly used industrially in
textile and paint manufacturing, printing, and leather production constitute a significant
portion of these degradation-resistant chemical species [4,5]. To understand the magnitude
of this problem, the textile industry alone releases approximately 100,000 tons of dyes into
wastewater annually [6–11], with azo dyes being the most widely used [12,13]. Due to
their recalcitrant, carcinogenic nature and long-term effect on ecosystems, it is essential to
remove these contaminants before their discharge into water bodies [12,14,15]. Eriochrome
Black T (EBT), used in the dyeing of multifibers, nylon, wool, and silk, can be considered a
representative model of anionic azo dyes [10].

Several technologies, such as adsorption, coagulation, advanced oxidation, mem-
brane separation, biological treatments, and ozonation, can be used to remove dyes from
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industrial effluents [15–17]. Of these, adsorption is one of the most effective advanced
wastewater treatments for the removal of hazardous inorganic and organic pollutants from
effluents due to its ease of operation, high efficiency, and low cost [14,18–20]. In addition,
this technology can be used to treat various types of pollutants [21,22] and can be easily
integrated into existing water treatment systems [23].

Adsorption occurs due to the migration of the dye from the bulk solution to the solid
surface by sharing or exchange of electrons, called chemisorption, or by weak interaction
forces, such as van der Waals forces, reported as physisorption [23,24]. According to [25],
adsorption can be described through four fundamental steps: (1) diffusion of molecules
from the fluid to the fluid boundary layer near the adsorbent, (2) diffusion through said
fluid boundary layer, (3) adsorption onto the active sites, and finally, (4) intraparticle
diffusion or diffusion through the pores into the pores.

Khalid et al. [14] highlight that the selection of the adsorbent and its operating condi-
tions in the adsorption process are key to achieving maximum pollutant removal. There is
a wide variety of adsorbents applied for the removal of dyes from wastewater are clays
minerals, zeolites, composites, various agro-industrial wastes, inorganic nanomaterials,
metal-organic frameworks and metal oxides [14,15,26].

Among metal oxides, anodic aluminum oxide (AAO) can be considered a potential
adsorbent for dye removal from water in the form of a nanoporous film/coating. This
nanomaterial, notable for its high surface area and chemical resistance [27–29], can be easily
and inexpensively synthesized by anodic oxidation, producing a film with closely packed
pores on the substrate acting as an anode. This provides great versatility for forming parts
with complex configurations that function as fillers or as part of adsorption equipment
applied at different scales. Furthermore, to date, only the adsorbent capacity of aluminum
oxide nanoparticles has been studied [15,17,24], while AAO coatings have the advantage
of easy separation and recovery.

In this work, the decolorization of EBT-colored solutions was studied using an inno-
vative material, nanostructured anodic aluminum oxide. To this end, AAO coatings were
synthesized by anodic oxidation from a commercial aluminum alloy, and the influence
of stirring and temperature on the adsorption of the dye was studied. The kinetics and
physicochemical properties of the adsorption process were also analyzed to understand its
fundamentals and mechanisms.

2. Materials and Methods
2.1. Synthesis of the Nanoporous Anodic Aluminum Oxide

A sheet of the commercial aluminum alloy AA1050 (99.5% Al, supplied by AMEX®

S.A., Ciudad de Buenos Aires, Argentina) with 0.3 cm thickness, 1 cm wide and 15 cm long
was used as the substrate.

Prior to anodization, the edges of the substrate were grinded in a rotary plate polisher
(Struers, Singapore) at 250 rpm, with SiC sandpapers of decreasing grit size from #280 to
#2500 (Double A and Norton, Buenos Aires, Argentina). The substrate was then cleaned
with a mixture of distilled water and ethanol for about 5–10 min in an ultrasound and bent
into a spiral shape prior to anodization.

AAO coatings were synthesized in triplicate by a single 1 h anodization step in 0.3 M
oxalic acid at 40 ◦C and 30 V, as reported by Bruera et al. [27,28].

After anodic oxidation, the edge of the sample that was not anodized in the electro-
chemical process was cut off to obtain fully OAA-coated samples.
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2.2. Preparation of EBT Dye Solutions

Aqueous solutions of eriochrome black T were prepared at a concentration of
400 mg·L−1. From this stock solution, serial dilutions were performed to obtain the desired
concentrations using distilled water. The exact concentration of the dyes was obtained
using a UV-visible spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The EBT cali-
bration curve was constructed from several dilutions of the stock solution, using a range
of concentrations between 10 and 50 mg·L−1. The variation of the dye concentration vs.
absorbance showed a linear behavior at λmax = 528 nm, and the linear regression equation
was y = 0.0183x − 0.0017, with a high correlation coefficient (R2 = 0.998). The concentrations
of EBT in the solutions before and after equilibrium adsorption were determined from the
calibration curve.

2.3. Characterization of AAO Coatings

The nanopores in the anodic films were characterized by scanning electron microscopy
(SEM) (SUPRA 40, Carl Zeiss NTS GmbH, Jena, Germany). Pore Diameter (PD), pore
Density (D), and Porosity (P) were determined from SEM micrographs, and thickness (T)
was determined with an optical microscope (EPIPHOT, Nikon, Tokyo, Japan), as reported
by Bruera et al. [27–29].

In addition, SEM images of the AAO coatings were taken after 24 h of EBT adsorption,
and their elemental composition and content were studied using an energy-dispersive
spectrometer (EDS).

To determine surface functional groups, Fourier transform infrared (FTIR) analy-
ses were performed using the IRPrestige-21 instrument (Shimadzu, Kyoto, Japan) in the
4000–600 cm−1 region.

2.4. Adsorption Assays
2.4.1. Preliminary Studies

The adsorption experiments were performed in triplicate at different temperatures
(25–60 ◦C) in a 100 mL beaker containing 30 mL of EBT dye solution (C = 16 mg·L−1)
and a spiral-mounted AAO adsorbent with a total area of 30 cm2. Dye concentration was
determined by UV-Vis spectrophotometry at different contact times (0–24 h).

From the data obtained, the removal efficiency (%R), the adsorption capacity at
equilibrium (qe), and the adsorption capacity at a given time (qt) were calculated using
Equations (1)–(3) [2,17,30].

R(%) =
C0 − Ct

C0
× 100 (1)

qe =
(C0 − Ce)× V

a
(2)

qt =
(C0 − Ct)× V

a
(3)

where C0 is the adsorbate initial concentration (mg·L−1), Ct and Ce are the adsorbate final
concentration after time t and at equilibrium (mg·L−1), V is the volume of solution (L) and
a is the effective adsorption surface area (cm2).

The effect of stirring on the removal efficiency and qe at different contact times was
evaluated, performing experiments under static conditions and magnetic stirring at 100
and 500 rpm.

2.4.2. Kinetic Adsorption Models

The kinetic study was performed at 25 ◦C and 500 rpm. Several kinetic models,
including pseudo first-order (PFO), pseudo second-order (PSO), intraparticle diffusion



Coatings 2025, 15, 488 4 of 18

(IPD) and Boyd’s external diffusion (ED) models, were used to determine the EBT removal
performance of the nanoadsorbent.

The kinetic data were tested according to the linearized models and compared based
on the value of the correlation factor (R2). The kinetic model equations are provided in
Table 1 [2,30–33].

Table 1. Kinetic models.

Models Linear Form

Lagergren Pseudo-first-order ln(qe − qt) = ln qe − k1t
Ho-McKay Pseudo-second-order t

qt
= 1

k2q2
e
+ t

qe

Weber-Morris Intra-particle diffusion qt = kidt0.5 + I
Boyd’s external diffusion ln

(
1 − qt

qe

)
= −k3t + A

Here, k1 represents the PFO rate constant (min−1), t (min) is the time, k2 is the PSO rate constant (cm2·mg−1·h−1),
kid (mg·cm−2·h−0.5) is the IPD rate constant and I is the proportional to the boundary layer and k3 (min−1) and A
are liquid film diffusion constants.

2.4.3. Isotherm Adsorption Models

The dye adsorption isotherms were determined under the same conditions as the
kinetics experiments, but using different initial EBT concentrations (between 5–50 mg·L−1).
A contact time of 24 h was applied to be sure that the equilibrium is reached for higher
concentrations. Three different isotherm models were tested to interpret the data obtained
from experimental studies. The mathematical equations of these models are presented in
Table 2 [17,30].

Table 2. Isotherm models.

Models Linear Form

Freundlich ln qe = ln k f +
1
n lnCe

Temkin qe = Bln kt + Bln Ce
Langmuir Ce

qe
= Ce

qmax
+ 1

kLqmax

Where kf (mg1–(1/n)·L1/n·cm2) is the Freundlich constant and n is the heterogeneity factor, kt (L·cm−2) is the
equilibrium binding constant corresponding to the maximum binding energy and B (J·mol−1) is the constant
related to the heat of adsorption and kL (L·mg−1) is the Langmuir constant and qmax (mg·cm−2) is the maximum
adsorption capacity.

2.4.4. Thermodynamic Studies

Equations (4)–(6) [25,34] were used to estimate the thermodynamic variables, including
changes in the Gibbs free energy (∆G◦) (KJ·mol−1), free enthalpy (∆H◦) (KJ·mol−1), and
entropy (∆S◦) (KJ·mol−1·K−1):

∆G◦ = −RTln Kc (4)

∆G◦ = ∆H◦ − T∆S◦ (5)

ln Kc =
∆S◦

R
− ∆H◦

RT
(6)

Here (R = 8.314 J·mol−1·K−1) is the universal gas constant, T (K) is the temperature
used and Kc is the thermodynamic equilibrium constant. The change in ∆H◦ and ∆S◦ can
be obtained from the slope and intercept of the plot of ln Kc versus T−1 using the Van’t
Hoff formula presented in (Equation (6)).

2.4.5. Reuse Performance

Adsorbent reuse studies were carried out with an initial EBT concentration of
16 mg·L−1, at 500 rpm and 50 ◦C, and with a contact time of 2 h. After adsorption, the OAA
samples were washed with 40 mL of a 0.1 M NaOH solution for 10 min, under stirring and
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at room temperature. The samples were then immersed in a 0.1 M HCl solution to achieve
neutralization. This adsorption-desorption process was performed up to four times, and
the %R was measured for each use.

3. Results and Discussion
3.1. Characteristic of AAO Films

SEM images of anodic aluminum oxide coatings synthesized by a single anodization
step in 0.3 M oxalic acid at 40 ◦C and 30 V (Figure 1a,b) show a regular structure of dis-
ordered and variable-sized nanopores with PDs ranging from approximately 3–35 nm.
This means that the elimination of some surface smoothing treatments, post-anodization
etching, and a second anodization are detrimental to the long-range order in the nanos-
tructure, as reported by Bruera et al. [27,28]. However, it was possible to obtain low-cost
AAO nanostructured films with morphological characteristics similar to those obtained by
Bruera et al. [27,28] with PD = 27.34 ± 10.11 nm, D = 2.04 × 1010 ± 4.1 × 109 pores. cm−2,
P = 21.24 ± 3.72% and T = 19.83 ± 0.75 µm for use as nanoadsorbents.
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Figure 1. SEM micrographs of AAO coatings synthesized in 0.3 M at 40 ◦C and 30 V before adsorption
(a,b) and after adsorption with EDX analysis (c,d).

On the other hand, the SEM image of the AAO after 24 h of contact time with EBT
(Figure 1c) shows the adsorption of the dye over the entire surface of the material, com-
pletely covering the nanopores due to the stacking of the dye molecules.
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In addition, the EDX spectrum in Figure 1d indicated high-intensity peaks for O and
Al, corresponding to OAA, and lower-intensity peaks for C, N, Na, and S, corresponding
to the azo dye EBT. The layer of dye adsorbed on the surface could be relatively thin, given
the depth of the EDX analysis (1–2 µm).

FTIR spectroscopy results for the AAO before and after EBT adsorption (Figure 2)
demonstrate the presence of several peaks in the range of 600–4000 cm−1, which define the
chemical properties and functional groups of the adsorbent and adsorbate molecules.
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For both cases, a broad band was observed in the region from 3000 to 3700 cm−1

(around 3309 cm−1), characteristic of the stretching vibration of the O-H group from Al-OH,
and a peak at 1641 cm−1 typical of the bending vibrations of the O-H groups [14,15,35,36].
Likewise, the peaks in the 1250 to 1600 cm−1 region may be due to C-N stretching, N-H
bending (in the case of the AAO + EBT curve), and Al-OH bending (for both cases) [37]. In
the AAO + EBT curves the peaks at 2959, 2932 and 2870 cm−1 represent the C-H stretch-
ing vibration in the CH2, CH3, or N-CH3 groups [35], while those located at 1740 cm−1

and around 1100 cm−1 can be attributed to the C=O group [36] and the C=C and C–O
groups [14], respectively. These results show the interaction between the EBT dye molecules
and the functional groups present on the surface of the OAA.

3.2. Adsorption Studies
3.2.1. Influence of Agitation, Initial Concentration, and Temperature on EBT Adsorption

Many studies have reported a significant effect of agitation and temperature on the
adsorption of organic compounds [38,39]. Figure 3 represents the impact of contact time
on the EBT removal efficiency and adsorption capacity of AAO films at different agitation
speeds and temperatures. This figure shows a significant increase in dye adsorption over
time and as the agitation speed and temperature increase.

In particular, the absence of agitation during the EBT adsorption process on aluminum
oxide (Figure 3a,b) reduces the removal rate compared to the curves obtained at 100 and
500 rpm, reaching a maximum removal efficiency of 40% in 500 min (approximately 8.3 h).
This could be due to a removal rate controlled by the diffusion of dye particles to the
adsorbent/adsorbate interface.

On the other hand, stirring the solution at 100 and 500 rpm allows reaching maximum
removal efficiencies of 78% in a time of 500 min, almost double compared to the test without
agitation at the same time, and reaching the equilibrium condition in less time. Therefore,
agitation can increase the diffusion rate of dye particles from the fluid to the boundary
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layer in contact with the AAO, due to the formation of turbulence and the decrease in the
thickness of the fluid boundary layer [39].
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Furthermore, the removal efficiency and qt curves for the tests with agitation speeds
of 100 and 500 rpm (Figure 3a,b) showed three distinct zones: (1) low speed, (2) high speed,
and (3) constant speed.

The low-speed zone is characterized by R% and qt values close to 0 and occurs during
the first 35 min of contact time at 100 rpm and during the first 10 min at 500 rpm. The low
initial speed may be due to the fact that moving systems can generate a fluid boundary
layer near the adsorbent surface, where dye diffusion occurs at a specific rate and can be
limiting in the adsorption process [40].

The high-speed zone is characterized by a high slope until reaching the equilibrium
state, where maximum values of %R and qt are reached and remain constant over time.
It is worth noting that increasing the stirring speed from 100 to 500 rpm significantly
increases the slope in this area of the curve, and thus the dye removal rate. This means
that maximum values of %R and qt are reached at 4.5 h at 500 rpm and at 5.5 h at 100 rpm.
This high-velocity zone could be due to an increase in the dye concentration gradient in
the boundary layer, with the consequent increase in diffusion and availability of a large
number of active sites on the adsorbent surface. [33]. Finally, the constant-speed zone can
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be explained by the saturation of the adsorbent and the competition of the adsorbate for
the remaining active sites.

It is interesting to note that during adsorption, the adsorbent does not disperse in
solution as occurs with agitated particulate adsorbents. This may be a determining fac-
tor in the adsorption rate when comparing different types of adsorbents. For example,
Gaayda et al. [15] evaluated the adsorption of EBT onto aluminum oxide nanoparticles and
obtained maximum removal efficiency (71%) and qe = 45 mg·g−1 for a dosage of 0.05 g
of particles per 50 mL of EBT solution (C0 = 100 mg·L−1) after 100 min at 150 rpm and
50 ◦C. Similarly, but using methylene blue as a dye, Sangor and Al-Ghouti [36] obtained
qe values close to 80 mg·g−1 after 24 h and at 25 ◦C for the same dosage of aluminum
oxide nanoparticles and stirring speed. On the other hand, Balloy et al. [17] obtained an
improved adsorption capacity (qe between 344 and 402 mg·g−1) for the adsorption of EBT
with pseudo-boehmite (γ-AlOOH) and gamma alumina (γ-Al2O3) nanoparticles, reaching
the maximum removal efficiency (100 %) at 20 min and 25 ◦C. As can be noticed, there are
no studies to date that evaluate the potential of nanoporous AAO as an adsorbent in its
presentation as a coating/film and non-particulate form, with the advantage that it can be
easily recovered from the solution to be treated.

Figure 3c,d show the influence of increasing the temperature of the dye solution from
25 to 60 ◦C at a constant stirring speed of 500 rpm. These results demonstrate a progressive
increase in the %R and qt values with temperature, reaching almost total EBT removal
(%R = 99%) after 2.25 h at 60 ◦C. This could be due to the fact that increasing temperature
can enhance the mobility of the dye molecules, modify the energy and quantity of active
sites, and alter the adsorbent/adsorbate interaction [41,42].

On the other hand, the shapes of these curves change particularly in the initial in-
terval between 0 and 10 min for temperatures above 25 ◦C, where the disappearance of
the low-velocity zone is observed as temperature increases (increase in the initial slope).
This behavior could be associated with the decrease in the boundary layer and increased
diffusion of EBT molecules through it. Furthermore, the error bars presented in Figure 3c,d
show similar slopes in the high-velocity zone for temperatures of 25–40 and 40–50 ◦C, and
the equilibrium %R and qt values occur at 4 h of exposure with the dye.

Finally, the increase in adsorption capacity with temperature suggests that the adsorp-
tion process is endothermic [33], and this result can be compared with the thermodynamic
parameters analyzed in Section 3.2.4.

The effect of the initial adsorbate concentration in solution is decisive for evaluating
the effectiveness of the adsorption process [2]. Figure 4 illustrates the variation of %R and
qe with the initial dye concentration after 24 h of adsorption at 500 rpm and 25 ◦C.

The increase in the initial concentration of EBT and the consequent rise in the concen-
tration gradient generate a reduction in the resistance to mass transfer, which improves the
adsorption process. This explains why the qe values increase with the initial concentration
of EBT [2,43]. Likewise, the decrease in %R with increasing initial EBT concentration is
an effect attributed to the repulsive electrostatic interaction between the EBT molecules in
solution and those adsorbed on the OAA surface [44,45].
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3.2.2. Adsorption Kinetics

The study of adsorption kinetics can be significant for understanding the mechanisms
involved and the physicochemical characteristics of the process [30]. In this case, the
analysis of the adsorption kinetics of EBT on AAO films was performed by fitting the
results obtained to four kinetic models: pseudo-first-order kinetic (PFO), pseudo-second-
order kinetic (PSO), intra-particle diffusion model (IPD), and the external diffusion model
(ED) [32,46].

Figure 5 shows the experimental curves and the fits of the proposed models, and
Table 3 represents the values of the corresponding fitting parameters.

Table 3. Kinetic parameters of different adsorption models at 16 mg·L−1 initial EBT concentrations.

Models Parameters

Pseudo-first-order
R2 0.9912
k1 0.0120
qe 0.0165

Pseudo-second-order
R2 0.3058
k2 0.0517
qe 0.0350

Intra-particle diffusion *

R2
1 0.9629

kid 1 0.0002
I1 0.00005

R2
2 0.9947

kid 2 0.0014
I2 0.0072

R2
3 0.8352

kid 3 0.0002
I3 0.0082

Boyd’s external diffusion
R2 0.9926
k3 0.0122
A 0.2936

* The subscript corresponds to the adjustment applied to each linear segment of the curve.
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According to the correlation coefficient R2 values for the PFO and PSO model fits
(Table 3), the adsorption process of EBT onto AAO under the studied conditions was best
explained by assuming that the adsorption rate follows a first-order reaction. This would
explain why the adsorption process is not controlled by adsorption at the active sites, since
EBT molecules identify all the adsorption sites on the AAO surface as a single group [40].

Furthermore, the PFO model can represent the external/internal diffusion, and it is
more suitable for describing the kinetics of the initial adsorption stage, but cannot accurately
describe the entire adsorption process [30,46].

In this sense, the data in Table 3 demonstrate that the qe value predicted using the
PFO model (determined as the slope of the graph) was closer to that of the adsorption equi-
librium obtained experimentally, thus reinforcing the kinetic model proposed previously.

The data fit with the IPD model shows that qt vs. t0.5 is not a straight line passing
through the origin (0.0), so it can be concluded that adsorption is controlled by multiple
processes [17,31,46,47]. This same model was used to fit up to three linear segments, indi-
cating that the adsorption process occurs and dominates under three stages (Figure 5c). The
fitting values corresponding to each segment presented in Table 3 have a high correlation
coefficient R2 (close to unity). This represents a good approximation and is consistent with
the adsorption stages explained in Section 3.2.1.



Coatings 2025, 15, 488 11 of 18

In this sense, the first stage indicates a slow initial exterior surface dye adsorption
onto the surface of the adsorbent correlated with external mass transfer. As discussed
above, the agitation effect is significant and enhances the diffusion of molecules from the
solution to the fluid boundary layer, making the first adsorption step rapid and its analysis
unnecessary [25]. Therefore, this segment or stage corresponds solely to the boundary layer
diffusion control.

The second step corresponds to intraparticle diffusion and binding of EBT molecules to
the active sites of AAO. However, compared to the first step, this stage is faster (kid 1 > kid 2)
but still rate-limiting [15,42,46,48,49].

Finally, the third step is a plateau, which may indicate the equilibrium process and
subsequent saturation of the adsorbent, which is reflected by a decrease in the diffusion
rate due to the decrease in dye concentration [48,50].

The fit of the film diffusion model, represented by ln (1 − qt/qe) versus t in Figure 5d
and by the R2 values in Table 3, indicated that EBT diffusion through the liquid boundary
layer near the AAO surface can be considered one of the most limiting steps and has the
greatest effect on the overall rate of the adsorption process under the selected conditions.
These preliminary conclusions are in agreement with previous discussions on the fitting of
the PFO and IPD models [25,32,47].

3.2.3. Adsorption Isotherm

Adsorption isotherms express at a constant temperature the relationship between the
adsorbate concentration and its degree of accumulation on the adsorbent [30]. Therefore,
the analysis of adsorption isotherms provides a better understanding of the mechanisms
involved in adsorption and the performance of the overall process. [42].

In this study, the following three commonly used isotherm models were compared:
the Freundlich, Temkin, and Langmuir models [15]. The fitting results and parameters
of each model are shown in Table 4. A graphical representation of the data is shown in
Figure 6.

Table 4. Parameters and the equations of the model at 25 ◦C.

Models Linear Fitting Formula Parameters

Freundlich 0.5316x − 4.4641
R2 0.9626
k f 0.0115
n 1.8811

Temkin 0.0084x + 0.0149
R2 0.9521
kt 5.8932
B 0.0084

Langmuir 24.212x + 50.814

R2 0.9805
qmax 0.0413
kL 0.4764
RL 0.0402–0.2956

The best mathematical fit to the experimental data was achieved with the Langmuir
model, with a correlation coefficient (R2) of approximately 98% (Table 4). Furthermore, the
theoretical maximum adsorption capacity calculated with this model was 0.0413 mg·cm−2,
which is relatively close to the experimental value of 0.0342 mg·cm−2 for the saturated
adsorption capacity.
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Taking into account the fundamental assumptions of the Langmuir model, the ad-
sorption of EBT onto AAO involves the formation of a monolayer of dye molecules on
the surface of the sorbent. This requires that the adsorption energy at all active sites of
the adsorbent be uniform and that there be no lateral interactions between the adsorbed
molecules [15]. These results can be contrasted with the SEM image in Figure 1c. The
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complete and homogeneous stacking of EBT molecules on the AAO surface could be
assimilated to a single dye layer on the adsorbent surface, which was explained by the
Langmuir model.

On the other hand, the Langmuir isotherm can be explained using the dimensionless
constant separation factor (RL) [51,52], defined according to the following equation:

RL =
1

1 + kLC0
(7)

Depending on the value of the constant RL, the favorability of adsorption or efficiency
of adsorption process can be defined, with irreversible adsorption when RL = 0, favorable
when 0 < RL < 1, linear adsorption when RL = 1 and unfavorable when RL > 1 [15,17,53].

Since all RL values obtained in the experiments were greater than zero and less than
unity, the adsorption processes under the conditions analyzed are favorable. Furthermore,
Table 4 shows that as the initial dye concentration increases, the RL value approaches
zero. This could indicate that the adsorption process tends to be irreversible at higher EBT
concentrations [30].

On the other hand, the magnitude of the Freundlich exponent (n−1) can also be used
as an indicator of the favorability of adsorption, since it is a measure of the strength of
adsorption [54,55]. If 0.1 < n−1 < 1 it can be said that the process is favorable. Based on the
results in Table 4, favorable adsorption is again verified (n−1 = 0.5616).

Likewise, the analysis can be performed taking into account the heterogeneity factor
(n), whose value in the range of 2–10 means good, 1–2 moderately difficult, and less than
1 poor adsorption characteristics [56–58]. Although the n obtained was 1.8811, its proximity
to the value 2 may indicate relatively low difficulty and favorable adsorption. These results
are consistent with those obtained with the Langmuir model.

Finally, the Temkin isotherm model presented the lowest correlation coefficient
(R2 = 0.9521), indicating an unsatisfactory fit to the experimental data.

3.2.4. Thermodynamic Analysis of the Process

The spontaneity and feasibility of the adsorption process can be determined by calcu-
lating the thermodynamic parameters ∆G◦, ∆H◦, and ∆S◦. To this end, adsorption tests
were carried out at different temperatures (25, 40, 50, and 60 ◦C) and at an initial EBT
concentration of 16 mg·L−1.

The thermodynamic parameter values displayed in Table 5 were determined using
Equations (4)–(6) described in Section 2.4.4 and the data fitting represented in Figure 7.

Table 5. Thermodynamic parameters of adsorption process (C0 = 16 mg·L−1).

T (◦C) ∆G◦ (KJ·mol−1) ∆H◦ (KJ·mol−1) ∆S◦ (KJ·mol−1. K−1)

25 −3.28

73.81 0.26
40 −4.58
50 −10.39
60 −11.50

The negative ∆G◦ values for each temperature observed in Table 5 indicate that
the adsorption process is favorable and spontaneous under the conditions analyzed [33].
Furthermore, a decrease in ∆G◦ can be observed as the temperature increases, suggesting
that adsorption is more favorable at higher temperatures. This can be contrasted with the
results obtained in Section 3.2.1, which explains why the dye removal efficiency naturally
increases at higher temperatures [59].
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On the other hand, the positive value of ∆H◦ indicates that the process is en-
dothermic and absorbs energy since the value of ∆H◦ is above 40 KJ·mol−1 and nearly
80 KJ·mol−1 (73.81 KJ·mol−1) this suggests that the adsorption phenomenon is predomi-
nantly chemisorption [17,60].

Finally, the positive value of ∆S◦ reflects process stability and randomness at the
liquid/solid interface [17].

3.2.5. Adsorbent Reuse

The results of the reuse of the AAO (Figure 8) obtained at 50 ◦C and after two hours
of EBT adsorption demonstrated an improvement in the %R during the second and third
reuse cycles. This could be due to the modification of the oxide layer by the attack of the
NaOH solution used in the dye desorption process [61]. In this sense, the dissolution of the
OAA increased the porosity and the specific surface area of the adsorbent. Therefore, new
active sites were created. Finally, a decrease in %R could be observed from the fourth use,
produced by the progressive dissolution of the OAA and the elimination of the oxide layer
with each wash.
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4. Conclusions
In this study, the adsorptive capacity of AAO nanoporous coatings to remove EBT

dye from water was demonstrated. The evolution of the adsorption process at different
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stirring speeds and temperatures determined that the maximum adsorption capacity of
the dye occurred after 2.25 h at 500 rpm and 60 ◦C, with 99% removal efficiency. The
fitting of the data with the proposed kinetic models determined that the adsorption process
is controlled by three stages: a slow stage of diffusion of the dye through the boundary
layer, a relatively rapid stage of adsorption of the dye molecules in the active sites and a
stage of internal diffusion until saturation equilibrium is reached. The Langmuir isotherm
model provided the best fit, suggesting the formation of a homogeneous monolayer of dye
molecules and the favorability of adsorption. Thermodynamic analyses indicated that the
adsorption process proceeds spontaneously and exothermically. Furthermore, ∆H◦ values
demonstrated that EBT adsorption on AAO is primarily controlled by the chemisorption
mechanism. Finally, it was demonstrated that the adsorbent can be used up to four times
with a removal efficiency greater than 50%.
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