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Abstract: Eriochrome black T is considered as one of the anionic dyes with potential harmful effects on
human health and the environment. Among other processes, adsorption can contribute to the removal
of these dyes. In the present study, two adsorbent materials, pseudo-boehmite (γ-AlOOH) and gamma
alumina (γ-Al2O3), were synthesized and tested in the removal of the Eriochrome black T molecule
(EBT). γ-AlOOH and γ-Al2O3 were obtained by precipitation from NaAlO2 solution at pH = 7, at a
temperature of 80 ◦C, and by the thermal transformation of γ-AlOOH at 800 ◦C, respectively. In order
to gain insights into the structural, chemical, thermal and morphological properties of these materials,
numerous analytical techniques were involved, including X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), differential thermogravimetric–thermal analysis (TGA-DTA), scanning
electron microscopy with energy-dispersive spectroscopy (SEM-EDS), and specific surface area
measurement using the Brunauer–Emmett–Teller (BET) method. Several adsorption parameters were
studied, such as the adsorbent dose, initial concentration, pH, contact time and reaction temperature.
The kinetic study showed that EBT adsorption follows the pseudo-second-order model. The Langmuir
isotherm model revealed a maximum EBT adsorption capacity of 344.44 mg g−1 and 421.94 mg g−1 for
γ-AlOOH and γ-Al2O3, respectively. A textural and structural analysis after adsorption highlighted
the effective adsorption of the dye.

Keywords: precipitation; pseudo-boehmite; gamma alumina; adsorption; eriochrome black T

1. Introduction

In recent decades, the contamination of water resources by wastewater has become a
crucial issue. A considerable volume of these wastewaters come from dyeing water, which
is estimated at about 3 to 4 million cubic meters per day [1]. Indeed, dye waters contain a
variety of chemical dyes that can be classified into different categories according to their
application; azo dyes are the most frequently encountered dyes, and are known for their
distinctive Azo groups (-N=N-). These dyes have been associated with various undesirable
carcinogenic and mutagenic effects on human health and water quality [2]. In order to
reduce the impact of these dyes on flora and fauna, it is therefore imperative to develop
efficient technologies. Coagulation–flocculation [3], photocatalysis [4] and adsorption [5]
are some of the widely used methods for dye removal. However, adsorption remains
the most promising fading technique due to its straightforward implementation, high
efficiency for adsorbent materials, and cost-effectiveness [6]. Pseudo-boehmite and gamma
alumina are two potential adsorbents with numerous intriguing characteristics, including a
high specific surface area, significant porosity, excellent thermal stability and remarkable
chemical resistance; their versatility makes them suitable for many industrial applications,
including ceramics, coatings and adhesives, and fillers. Additionally, they have proven
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to be valuable in environmental applications, particularly as adsorbents and catalysts in
wastewater treatment; they have been employed for the removal of dyes [7], fluoride [8],
heavy metals [9] and phosphorus [10].

Boehmite with different morphologies has been developed using various methods,
including precipitation [11], the sol–gel process [12], the hydrothermal route [13] and spray
drying [1]. Most of these methods are costly and rely on the use of aluminum salts. Thus,
aluminum recovered from aluminum sludge should be a more attractive candidate from an
economic and environmental point of view. For this purpose, aluminum sludge has been
thermo-chemically treated and solubilized with distilled water to extract aluminum [14].

The present study focused mainly on the synthesis of pseudo-boehmite by precipita-
tion. After calcination, the obtained gamma alumina and pseudo-boehmite were charac-
terized by several spectral and textural techniques. These materials were tested in terms
of their adsorption capacity using the model molecule “Eriochrome Black T”. The decol-
orization performance has been optimized as a function of operating parameters such as
the solution’s pH, initial adsorbent mass, initial dye concentration and contact time. The
examination of Eriochrome black T removal using the two adsorbents showed that the
adsorption isotherms follow the Langmuir model, while the adsorption kinetics follow the
pseudo-second-order model.

2. Results and Discussions
2.1. Adsorbents Characterization
2.1.1. XRD Analysis

The XRD pattern of the dried precipitate showed that a pseudo-boehmite phase
(γ-AlOOH) was formed (ICSD 00-21-1307), as shown in Figure 1a. No phases related to
iron, calcium, or magnesium hydroxides were observed, suggesting that these impurities
were likely eliminated during the precipitation at an alkaline pH. The characteristic peaks
of the γ-AlOOH phase are apparent at 2θ (14.4◦, 28.2◦, 38.3◦, 49.2◦, 55.2◦, 60.5◦, 64.9◦, and
71.9◦), and these correspond to reflections from the (020), (120), (031), (200)/(051), (151),
(080), (231)/(002), and (251) planes, respectively. At the same pH value of 7, the same phase
has been detected in previous work [15,16]. During the precipitation stage, the structure of
aluminum hydroxide can vary depending on the pH. At pH < 7, it exists in an amorphous
form, at pH = 7, it takes on the form of boehmite, and within the pH range of 8 to 11, it is in
the form of Bayerite [17].
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An examination of the XRD patterns displayed in Figure 1b shows that after calci-
nation, the γ-AlOOH peaks disappear completely and γ-Al2O3 peaks appear, becoming
increasingly intense at 800 ◦C. The peaks identified at 37.6◦, 39.49◦, 45.86◦, 60.94◦, and
67.06◦ correspond to reflections from the (311), (222), (400), (511) and (440) planes of the
γ-Al2O3 structure (ICSD 00-10-0425).

The particle size of γ-AlOOH and γ-Al2O3 was calculated from the XRD data using
the Debye–Scherrer formula [18]:

D =
kλ

βcosθ
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where k is the Scherrer constant, also known as the form factor; typically, its value ranges
from 0.89 to 1. Assuming the particles have a spherical shape, the Scherrer constant is
commonly assigned a value of 0.9. Other variables in the equation include λ, which
represents the X-ray wavelength, θ, which denotes the diffraction angle, and β, which
represents the total width at half maximum (FWHM); the latter measures the crystallinity
of a sample. The average crystallite sizes of γ-AlOOH and γ-Al2O3, calculated using
reflections (020), (120), (031), (200), (231), (251) and (220), (311), (222), (400), (440), are
3.63 and 3.06 nm, respectively. These results are consistent with the typical values reported
in the literature [19,20].

2.1.2. FTIR Analysis

The FTIR spectrum of γ-AlOOH is illustrated in Figure 2a; the broad band located at
3440 cm−1 and the band at 1639 cm−1 are attributed to the stretching and bending modes
of physically adsorbed water, respectively [19]. Although the band at 3440 cm−1 dominates
the region, the band at 3315 cm−1, characteristic of the stretching vibrations of the structural
OH group, can be identified [1]. The shoulder at 3093 cm−1 is associated with the (Al)O-H
stretching vibration of γ-AlOOH [19]. The weak band at 2090 cm−1 is assigned to the AlO4
combination band [21]. The two vibrations at 1520 and 1400 cm−1 are due to the presence
of the amorphous structure on the surface of γ-AlOOH [19]. The band at 1072 cm−1 is
attributed to the asymmetric stretching vibration (OH)-Al=O, while the shoulder around
1170 cm−1 corresponds to the bending vibration (O-H) [22]. The bands at 760, 625 and
488 cm−1 are associated with the AlO6 vibrational modes typical of γ-AlOOH [23].
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Figure 2. FTIR spectra of γ−AlOOH (a), γ−Al2O3 (b).

The presence of the γ-Al2O3 phase is confirmed by the broad band observed between
500 cm−1 and 800 cm−1 [11], as depicted in Figure 2b. The two peaks at 560 cm−1 and
790 cm−1 are assigned to Al-O stretching [24]. The identification of the band at 1136 cm−1,
which corresponds to the Al-O vibration mode, supports the formation of the γ-Al2O3
phase [25]. The shoulder at 1415 cm−1 is attributed to O-H bending [24]. Similar to the
spectra of γ-AlOOH, the γ-Al2O3 spectra exhibit two characteristic bands at 3466 cm−1

and 1639 cm−1, which are indicative of the presence of physically adsorbed water.

2.1.3. TGA and TDA Analysis

The TGA and DTA curves for γ-AlOOH particles are shown in Figure 3. The first
weight loss of 14.6% observed below 170 ◦C, associated with a first endothermic peak
at 130 ◦C in the DTA curve, is ascribed to the evaporation of physically adsorbed water;
gelling boehmite or pseudo-boehmite showed an excess water weight loss of 15% [26].
A second weight loss of 14.7% occurs over a wider temperature range of 170 to 570 ◦C,
which is associated with a second endothermic peak at 400 ◦C; this could be attributed
to a phase transition from γ-AlOOH to the γ-Al2O3 (2γ-AlOOH → γ-Al2O3 + H2O). The
same transition phase has been recorded by other authors at a temperature of 464 ◦C for a
crystallite size of the order of 5 nm [22], indicating that the larger the crystallite size, the
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higher the transition temperature. Between 570 and 800 ◦C, a non-significant decrease of
0.3% was observed, which could be attributed to the elimination of the residual hydroxyl
groups (-OH) present in the Al2O3 structure.
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2.1.4. BET Analysis

To further investigate the structure of γ-AlOOH and γ-Al2O3, we recorded the typical
adsorption–desorption isotherms for N2 (Figure 4). The sorption isotherms exhibit the
type IV characteristic of mesoporous materials, according to the (IUPAC) classification.
An H2-type hysteresis loop is observed in the p/p0 relative pressure range of 0.45 to 0.92,
which could correspond to mesopores. Furthermore, no plateau was observed for relatively
high pressures in the range of 0.92 to 1.00, suggesting an H3-type hysteresis loop; this
indicates the possibility of particle agglomerate development.

Figure 4 shows that the adsorbed volume of gas has increased from 160 cm3 g−1

(Figure 4a) to 220 cm3 g−1 (Figure 4b); an improvement in the specific surface area of
γ-AlOOH is produced during its thermal conversion to γ-Al2O3, increasing from 298.35
to 403.31 m2 g−1. These values are higher than those reported for the synthesis of these
two materials using aluminum waste as a precursor [7,15]. In fact, γ-Al2O3 with a specific
surface area of 304.21 m2 g−1 was obtained from aluminum frame waste [7], while γ-
AlOOH and γ-Al2O3 with specific surface areas of 115 and 300 m2 g−1, respectively,
were obtained from paper pulp waste [15]. This variation in the specific surface area
could be attributed to several factors, including differences in the precursor material,
synthesis conditions such as the pH, temperature, and ageing time, as well as the calcination
temperature. Indeed, the γ-Al2O3 obtained from calcination at 1000 ◦C has a high surface
area compared to the γ-Al2O3 produced through calcination at 900 ◦C [9].
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2.1.5. SEM Analysis

In order to examine the morphology of γ-AlOOH and γ-Al2O3, the samples were char-
acterized by SEM (Figure 5). The particles appear as non-rigid aggregates forming clusters
with a flake-like structure, with some tiny particles also detected. Similar morphological
characteristics have been observed in the literature [7,10]. In addition to SEM analysis, EDS
analysis was carried out. The chemical composition of the γ-AlOOH (Al wt.%: 51.6 ± 0.8;
O wt.%: 48.3 ± 0.7) and γ-Al2O3 (Al wt.%: 54.6 ± 0.9; O wt.%: 45.3 ± 0.7) synthesized from
the sludge shows that both products exhibited high purity.
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2.1.6. The Adsorbents’ Point of Zero Charge

The point of zero charge (pHpzc) is an important physico-chemical parameter pro-
viding information on the phenomena occurring at the surface of adsorbents. At a pH
below pHpzc, protonated adsorbent surface functional groups attract negatively charged
adsorbates due to an excess H+. At a pH above pHpzc, the positively charged adsorbates
are adsorbed onto the negatively charged adsorbent surface. Synthesized γ-AlOOH has a
pHpzc of 7, while γ-Al2O3 has a pHpzc of 7.3 (Figure 6). These values are in good agreement
with the results cited by [1,7,11].
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2.2. Batch Studies on the Adsorption of EBT onto γ-AlOOH and γ-Al2O3
2.2.1. Effect of Initial pH

As pH is an important factor affecting both adsorbent and adsorbate surface charge, the
effect of pH on EBT removal was examined over a pH range of 3 to 12. As shown in Figure 7,
the removal efficiency is highest at an acidic pH, decreases slightly at a pH above 7 and
then decreases sharply at a pH above 10 for both tested adsorbents. Significant elimination
occurs under acidic conditions, taking into account the protonation state of the dye (EBT
occurs as a monovalent anion at pH > 3.9) and the positively charged surface of both
adsorbents. At pH < pHpzc, EBT adsorption is favored by the electrostatic attraction forces
between the sulfonic groups (SO3

−) and the acidic surface (Al-OH2
+) of both adsorbents.

As the pH approaches the pH of point zero charge, adsorption occurs through the formation
of hydrogen bonds between the hydroxyl groups on the surface (Al-OH) and the OH and
NO2 groups of the EBT.
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It is important to note that at a pH slightly above pHpzc, the surfaces of γ-AlOOH
and γ-Al2O3 become negatively charged due to surface deprotonation (Al-O−), produc-
ing electrostatic repulsion between the adsorbent and adsorbate. However, the removal
efficiency is also significant, which may be due to the Al3+ sites on the surface trapping
the EBT sulfonate group. At pH > 10, the removal efficiency is reduced due to the onset of
adsorbent solubilization. Maximum EBT removal is achieved at pH = 5, and subsequent
experiments are carried out at the initial solution pH (5.78).
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2.2.2. Effect of Adsorbent Mass

To study the effect of the adsorbent mass on EBT adsorption, experiments were
conducted at an initial concentration of 50 mg L−1 and at the initial pH of the dye solution.
It can be seen from Figure 8 that the removal efficiency increases progressively as the
adsorbent mass increases from 5 mg up to 50 mg, rising from 63.24 to 99.44% and from
78.15 to 99.25% for γ-AlOOH and γ-Al2O3, respectively. This could be attributed to the
number of accessible active sites. Above 50 mg, equilibrium is reached. Subsequent tests
were carried out using this optimal adsorbent mass.
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2.2.3. Kinetic Studies

Figure 9 illustrates the effect of contact time on EBT adsorption by γ-AlOOH and
γ-Al2O3. EBT adsorption follows rapid kinetics, reaching a near-equilibrium state after
20 min for both adsorbents. This could be justified by the availability of active sites for
molecule binding and/or the high adsorbate/adsorbent affinity.
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Three models, including the pseudo-first-order, the pseudo-second-order and intra-
particle diffusion models (Figure 10), were used to adjust the experimental data. Tables 1
and 2 show the kinetic parameters associated with each model. The pseudo-second-order
model has a correlation coefficient R2 (0.99) higher than the value obtained for the other
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models. This indicates that the pseudo-second-order model best describes the adsorption
data. The qecal value predicted using the pseudo-second-order model was extremely similar
to that of the adsorption equilibrium found experimentally. This finding demonstrates
that the predominant underlying mechanism of EBT adsorption on γ-AlOOH and γ-Al2O3
could be chemisorption, which therefore suggests that the ionic interaction or ion exchange
between active sites and dye molecules controls the adsorption process [27] and that the
adsorption rate is linearly related to the square of the amount of vacant sites [24]. These
results agree with those of other authors using γ-AlOOH [1] and γ-Al2O3 [28,29].

Recycling 2024, 9, x FOR PEER REVIEW 10 of 21 
 

  
(a) (b) 

 
(c) 

Figure 10. Plots of the pseudo-second order (a), pseudo-first-order (b) and intraparticle diffusion 
(c) kinetic models for EBT adsorption onto γ−AlOOH and γ−Al2O3. 

Table 1. Pseudo-first-order and pseudo-second-order kinetics models’ parameters for EBT adsorp-
tion. 

 
Pseudo-First-Order Model Pseudo-Second-Order Model 

k1 (min−1) R2 qe,cal k2 (g mg−1 min−1) R2 qe,cal 
γ-AlOOH 0.02 0.54 1.70 0.050 0.99 49.9 
γ-Al2O3  0.02 0.82 2.11 0.054 1 49.7 

  

Figure 10. Plots of the pseudo-second order (a), pseudo-first-order (b) and intraparticle diffusion
(c) kinetic models for EBT adsorption onto γ−AlOOH and γ−Al2O3.

Table 1. Pseudo-first-order and pseudo-second-order kinetics models’ parameters for EBT adsorption.

Pseudo-First-Order Model Pseudo-Second-Order Model

k1 (min−1) R2 qe,cal k2 (g mg−1 min−1) R2 qe,cal

γ-AlOOH 0.02 0.54 1.70 0.050 0.99 49.9

γ-Al2O3 0.02 0.82 2.11 0.054 1 49.7
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Table 2. Intraparticle diffusion model’s parameters for EBT adsorption.

Step 1 Step 2 Step 3

Kd1 R1
2 C1 Kd2 R2

2 C2 Kd3 R3
2 C3

γ-AlOOH 31.52 1 2.51 × 10−15 0.36 0.99 46.96 0.05 0.45 49.17

γ-Al2O3 22.77 1 0 0.41 0.91 46.76 0.06 0.88 48.77

The intraparticle diffusion model for EBT is shown in Figure 10. The adsorption process
appears to take place in three stages, as shown in this figure: the first stage, external adsorption,
occurs at a faster rate than the second stage, which is known as slow adsorption; in this, there
is a significant reduction in the adsorption rate due to the decrease in the dye concentration.
The last stage, the equilibrium stage, is characterized by the lowest internal diffusion rate and
the lowest dye concentration. The fitting parameters for this model are listed in Table 2. The
results show that the adsorption rate decreases progressively (Kd1 > Kd2 > Kd3) and that the
effect of the boundary layer increases progressively (C1 < C2 < C3), which is consistent with
the evolution of the adsorption rate during the adsorption phase. It can also be seen that the
fitted line does not pass through the origin, which further suggests that intraparticle diffusion
does not play a major role in controlling the adsorption rate and that several processes act
simultaneously during adsorption [30].

2.2.4. Equilibrium Studies

As depicted in Figure 11a, the adsorption isotherms of γ-AlOOH and γ-Al2O3 for EBT
are type L. The adsorption capacity of γ-Al2O3 is significantly higher than that of γ-AlOOH.
Given that both adsorbents have a comparable surface chemistry and adsorb the same dye
molecule (EBT), this difference could be explained by the greater specific surface area of
γ-Al2O3. The adjustment of the experimental data to the Langmuir and Freundlich models
is shown in Figure 11b,c. The Langmuir isotherm in its linear form is considered most
appropriate because it provides a better fit with the highest (R2 = 0.99) compared to the
Freundlich model, which had a correlation coefficient of about 0.96 (Table 3). This result
could be identified with the monolayer adsorption of the dye. The maximum adsorption
capacity (qm) calculated for the Langmuir model is of the order of 344.44 mg g−1 and
421.94 mg g−1 for γ-AlOOH and γ-Al2O3, respectively. Similar monolayer molecule-
binding behavior was obtained for the removal of Congo red molecules using γ-AlOOH [1]
and Methyl orange molecules using γ-Al2O3 [28].

Recycling 2024, 9, x FOR PEER REVIEW 11 of 21 
 

Table 2. Intraparticle diffusion model’s parameters for EBT adsorption. 

 
Step 1 Step 2 Step 3 

Kd1 R12 C1 Kd2 R22 C2 Kd3 R32 C3 
γ-AlOOH 31.52 1 2.51ൈ 10ିଵହ 0.36 0.99 46.96 0.05 0.45 49.17 
γ-Al2O3  22.77 1 0 0.41 0.91 46.76 0.06 0.88 48.77 

The intraparticle diffusion model for EBT is shown in Figure 10. The adsorption pro-
cess appears to take place in three stages, as shown in this figure: the first stage, external 
adsorption, occurs at a faster rate than the second stage, which is known as slow adsorp-
tion; in this, there is a significant reduction in the adsorption rate due to the decrease in 
the dye concentration. The last stage, the equilibrium stage, is characterized by the lowest 
internal diffusion rate and the lowest dye concentration. The fitting parameters for this 
model are listed in Table 2. The results show that the adsorption rate decreases progres-
sively (Kd1 > Kd2 > Kd3) and that the effect of the boundary layer increases progressively (C1 
< C2 < C3), which is consistent with the evolution of the adsorption rate during the adsorp-
tion phase. It can also be seen that the fitted line does not pass through the origin, which 
further suggests that intraparticle diffusion does not play a major role in controlling the 
adsorption rate and that several processes act simultaneously during adsorption [30]. 

2.2.4. Equilibrium Studies 
As depicted in Figure 11a, the adsorption isotherms of γ-AlOOH and γ-Al2O3 for EBT 

are type L. The adsorption capacity of γ-Al2O3 is significantly higher than that of γ-
AlOOH. Given that both adsorbents have a comparable surface chemistry and adsorb the 
same dye molecule (EBT), this difference could be explained by the greater specific surface 
area of γ-Al2O3. The adjustment of the experimental data to the Langmuir and Freundlich 
models is shown in Figure 11b,c. The Langmuir isotherm in its linear form is considered 
most appropriate because it provides a better fit with the highest (R2 = 0.99) compared to 
the Freundlich model, which had a correlation coefficient of about 0.96 (Table 3). This re-
sult could be identified with the monolayer adsorption of the dye. The maximum adsorp-
tion capacity (qm) calculated for the Langmuir model is of the order of 344.44 mg g−1 and 
421.94 mg g−1 for γ-AlOOH and γ-Al2O3, respectively. Similar monolayer molecule-bind-
ing behavior was obtained for the removal of Congo red molecules using γ-AlOOH [1] 
and Methyl orange molecules using γ-Al2O3 [28]. 

 
(a) 

Figure 11. Cont.



Recycling 2024, 9, 49 10 of 18Recycling 2024, 9, x FOR PEER REVIEW 12 of 21 
 

  
(b) (c) 

Figure 11. Adsorption isotherms of EBT adsorption onto γ−AlOOH and γ−Al2O3 (a); modeling of 
the adsorption equilibrium by Langmuir (b) and Freundlich (c) isotherms. 

Table 3. Langmuir and Freundlich isotherm models’ parameters. 

Adsorbent 
Langmuir Model Freundlich Model 

qm (mg g−1) KL (L mg−1) R2 KF (mg1−(1/n)L1/ng−1) n R2 
γ-AlOOH 344.45 0.47 0.99 169.94 7.21 0.96 
γ-Al2O3 421.94 0.53 0.99 185.24 5.32 0.96 

The equilibrium parameter defined by the formula 𝑅௅ = ଵଵା௄ಽ஼೔ can be used to study 
the feasibility of the Langmuir isotherm, where Ci (mg g−1) represents the initial EBT solu-
tion concentration. The value of RL determines whether adsorption is favorable (0 < RL < 1) 
or unfavorable (RL > 1). The RL values in the present study are greater than zero (RLγ-AlOOH 

= 0.041, RLγ-Al2O3 = 0.036), confirming the favorable nature of EBT adsorption for both ad-
sorbents. 

2.2.5. Thermodynamic Study 
The determination of the thermodynamic parameters for EBT adsorption was accom-

plished through Equations (8)–(10). 
It was observed that the adsorption process utilizing both adsorbents is thermody-

namically feasible and spontaneous, as demonstrated by the negative ∆G° values ob-
tained. As the temperature increases, ∆G° decreases, indicating a greater preference for 
EBT adsorption at higher temperatures (Figure 12). The process is classified as endother-
mic, absorbing heat, as indicated by the positive ∆H°. The value of ∆H° is relatively low 
(∆H° < 40 KJ mol−1), suggesting that the adsorption is predominantly physisorption [31]. 
Moreover, the positive value of ∆S° reflects the presence of randomness at the solid–liquid 
interface and the stability of the adsorption process (Table 4). 

Figure 11. Adsorption isotherms of EBT adsorption onto γ−AlOOH and γ−Al2O3 (a); modeling of
the adsorption equilibrium by Langmuir (b) and Freundlich (c) isotherms.

Table 3. Langmuir and Freundlich isotherm models’ parameters.

Adsorbent
Langmuir Model Freundlich Model

qm (mg g−1) KL (L mg−1) R2 KF (mg1−(1/n)L1/ng−1) n R2

γ-AlOOH 344.45 0.47 0.99 169.94 7.21 0.96

γ-Al2O3 421.94 0.53 0.99 185.24 5.32 0.96

The equilibrium parameter defined by the formula RL = 1
1+KLCi

can be used to
study the feasibility of the Langmuir isotherm, where Ci (mg g−1) represents the initial
EBT solution concentration. The value of RL determines whether adsorption is favorable
(0 < RL < 1) or unfavorable (RL > 1). The RL values in the present study are greater than zero
(RLγ-AlOOH = 0.041, RLγ-Al2O3 = 0.036), confirming the favorable nature of EBT adsorption
for both adsorbents.

2.2.5. Thermodynamic Study

The determination of the thermodynamic parameters for EBT adsorption was accom-
plished through Equations (8)–(10).

It was observed that the adsorption process utilizing both adsorbents is thermodynami-
cally feasible and spontaneous, as demonstrated by the negative ∆G◦ values obtained. As
the temperature increases, ∆G◦ decreases, indicating a greater preference for EBT adsorption
at higher temperatures (Figure 12). The process is classified as endothermic, absorbing heat,
as indicated by the positive ∆H◦. The value of ∆H◦ is relatively low (∆H◦ < 40 KJ mol−1),
suggesting that the adsorption is predominantly physisorption [31]. Moreover, the positive
value of ∆S◦ reflects the presence of randomness at the solid–liquid interface and the stability
of the adsorption process (Table 4).
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Table 4. Thermodynamic parameters for EBT adsorption onto γ−AlOOH and γ−Al2O3 at va-
rious temperatures.

Adsorbent T(K) ∆G◦ (KJ mol−1) ∆H◦ (J mol−1) ∆S◦ (J mol−1 K−1)

γ-AlOOH

293 −14.622

235.75 50.71303 −15.129

313 −15.636

γ-Al2O3

293 −15.452

274.64 53.55303 −16.048

313 −16.524

2.2.6. Investigation of the EBT Adsorption Process

Figure 13a,b illustrates the XRD patterns of γ-AlOOH and γ-Al2O3 before and after
adsorption; it can be seen that the peaks remain almost in the same 2θ positions, with a
slight decrease in the peak intensity. This could indicate that only physical adsorption is
involved and that there is no possible ion exchange phenomenon.
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Figure 13. γ−AlOOH (a) and γ−Al2O3 (b) XRD patterns before and after EBT adsorption.

Figure 14 shows the SEM images of γ-AlOOH (Figure 14a,b) and γ-Al2O3
(Figure 14d,e) after dye adsorption. The surface morphology of both loaded materials
showed no significant changes. However, surface roughness was noted. The EDS spectrum
showed the appearance of the carbon (C) and sulfur (S) peaks of the adsorbed dye.
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2.2.7. Comparison with Other Adsorbents

Table 5 presents the adsorption performance of γ-AlOOH and γ-Al2O3 for EBT re-
moval, along with the adsorption capacities reported in the literature for various adsorbents.
The results indicate that the two adsorbents investigated in this study exhibit promising
adsorption capacities for EBT compared to other adsorbents. Moreover, these adsorbents
offer the additional advantage of being recycled from waste, making them economically
advantageous for wastewater treatment applications.
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Table 5. EBT’s maximum adsorption capacity (qm) by various adsorbents.

Adsorbents qm (mg g−1) References

Microwave-assisted spent black tea leaves 242.72 [32]

Arab steel slag 39.69 [33]

Biochar-CuFe 565.31 [34]

Mg-Ca-Al-LDO 150.3 [35]

γ-AlOOH 344.21 This work

γ-Al2O3 421.94 This work

3. Materials and Methods
3.1. Materials

Eriochrome black T (EBT) is classified as an anionic dye belonging to the group of
sulfonic azo dyes. It is used for the detection of metal ions in solution by the complexation
method, and for dyeing woolen fabrics, silk, nylon and leather. Table 6 displays the
chemical characteristics of the studied dye. The maximum spectral response of EBT was
observed at a wavelength of 530 nm within the visible spectrum.

Table 6. Chemical properties of Eriochrome black T (EBT).

Dye Chemical Formula Structure Molecular Weight
(g mol−1) Color Index

EBT C20H12N3O7SNa
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All aqueous solutions were prepared in distilled water, and pH adjustments were
made using sodium hydroxide NaOH (0.1 M) (98%) and hydrochloric acid HCl (0.1 M)
(37%); 98% and 37% are the percentages of the pure reagents.

3.2. Pseudo-Boehmite (γ-AlOOH) and Gamma Alumina (γ-Al2O3) Oxide Preparation

Aluminum extracted from drinking water treatment sludge by thermochemical treat-
ment with ammonium sulfate was the subject of our study for the synthesis of γ-AlOOH
and γ-Al2O3 [14].

The resulting solution was heated to 80 ◦C. The pH was adjusted to 13 by adding NaOH
solution (5 M) drop by drop for 40 min, which transformed Al(OH)3 into Al(OH)4

− and
prevented major impurities such as iron, calcium and magnesium hydroxides from passing
into solution. The resulting alkaline sodium aluminate solution was heated up to 80 ◦C. To
produce γ-AlOOH, HCl (5 M) was added dropwise to the filtrate until pH = 7 was reached
under continuous stirring. The white gel formed was stirred for about 5 h, then left to age
for 12 h with stirring. It was then filtered, washed with distilled water and ethanol several
times, and dried at 110 ◦C overnight. Subsequently, it was calcined in a muffle furnace at 800
◦C for 3 h, with a controlled heating rate of 2 ◦C/min. This rate was chosen to prevent rapid
dehydration, ensure consistent pore structure, and avoid excessive grain growth [37].

3.3. Characterization Techniques

The crystal structures of γ-AlOOH and γ-Al2O3 were analyzed using a Bruker
(Billerica, MA, USA) diffractometer (D2 Phaser) with monochromatized CuKα radiation
(λ = 1.541). Patterns were recorded in the 2θ angle range of 10◦ to 80◦ using the LYNXEYE
detector (Lyncean Technologies, Fremont, CA, USA). Their surface functional groups were
identified using a VERTEX 70v FTIR spectrometer (Billerica, MA, USA), and the spectra
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were collected within the range of 4000–400 cm−1, with a spectral resolution of 4 cm−1

and an average of 64 scans. Thermogravimetric and differential thermal analysis (TGA-
DTA) was used to analyze the thermal stability of the pseudo-boehmite at temperatures
ranging from 25 to 800 ◦C, using a Labsys evo thermal analyzer (Setaram, Lyon, France)
with a heating rate of 5 ◦C/min. Scanning electron microscopy (SEM) combined with
energy-dispersive spectroscopy (EDS) (JEOL JSM-IT500HR (JEOL Ltd., Akishima, Tokyo,
Japan)) was used to determine the surface morphology and microstructure of the γ-AlOOH
and γ-Al2O3 particles before and after adsorption. The nitrogen adsorption–desorption
isotherms of both materials were collected using a Micromeritics Instrument (Micromeritics
Gemini VII 1014 (Micromeritics Instrument Corporation, Norcross, GA, USA) operating at
a liquid nitrogen temperature of 77 K, covering a relative pressure range of 0.001 to 0.998
to obtain the Brunauer–Emmett–Teller (BET) specific surface area. To calculate the EBT
removal efficiency, absorbance was measured for each test after filtration using a UV-vis
spectrophotometer (DR 6000 UV-vis (Hach, Berlin, Germany)).

The pH drift approach, based on the salt addition method, was used to calculate the
point of zero charge (pzc). The pzc values for γ-AlOOH and γ-Al2O3 were determined
in a solution of NaCl (0.01 M) at 25 ◦C. In this method, 100 mg of each sample and
50 mL of NaCl (0.01 M) were mixed in a series of beakers. After that, 0.1 M NaOH and
0.1 M HCl solutions were used to bring the suspensions’ pH values back to the range of
2–12. The beakers were vigorously stirred in a shaking bath for 48 h at a stirring speed of
250 rpm [28]. After settling, the final pH of each suspension was measured. The initial pH
at which ∆pH is equal to zero was taken as the pzc.

3.4. Adsorption Study
3.4.1. Dye’s Stock Solutions

A stock solution of Eriochrome black T (EBT) was prepared with a concentration
of 1 g L−1. Subsequently, a series of dilutions were carried out to achieve the desired
concentrations using distilled water.

3.4.2. Initial Studies

The initial investigation focused on assessing the EBT dye removal in relation to
pH variations. The pH of the solutions was adjusted to the desired values using either
0.1 M NaOH or 0.1 M HCl. To carry out the experiment, beakers containing a fixed
mass of adsorbent (50 mg) were filled with 50 mL of the dye solution (50 mg L−1). The
beakers, adjusted to the required pH, were subjected to continuous stirring for 180 min
at 25 ◦C using a multi-station shaker. The influence of the adsorbent mass (ranging from
5 to 300 mg) on the dye adsorption process was also investigated.

The collected data were used to calculate the removal efficiency (%) and the amount
of dye adsorbed (mg g−1) using Equations (1) and (2), respectively.

qe =
(C0 − Ce)

m
∗ V (1)

% Removal efficiency =
(C 0 − Ce)

C0
∗ 100 (2)

qe: Equilibrium adsorption capacity (mg g−1)
C0: Dye’s initial concentration (mg L−1)
Ce: Dye’s equilibrium concentration (mg L−1)
V: Dye’s solution volume (L)
m: Adsorbent mass (g)

3.4.3. Kinetic Adsorption Models

The examination of adsorption kinetics allows the determination of the time required
for the adsorption process to reach equilibrium. Various kinetic models, including pseudo-
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first-order (Equation (3)), pseudo-second-order (Equation (4)) and intraparticle diffusion
(Equation (5)) models, are used to ascertain the adsorption process’ kinetics [38–40].

qt = qe(1 − exp(−k1t) (3)

qt =
k2qe

2t
1 + k2qet

(4)

qt = kit0.5 + C (5)

where
qt: Adsorbed dye at time t (mg g−1)
qe: Equilibrium adsorbed dye (mg g−1)
k1 (min−1), k2 (g mg−1 min−1), ki (g mg−1 min−0.5): Equilibrium rate constant

characteristics of the pseudo-first-order, pseudo-second-order and intraparticle diffusion
models, respectively.

C: Constant associated with the boundary layer’s thickness (mg g−1)
The EBT adsorption kinetics were investigated by adding 50 mg of adsorbent to

50 mL of the dye solution (50 mg L−1). The mixture was continuously stirred and monitored
at room temperature (25 ◦C) for a contact time ranging from 2 to 240 min. Samples were
then taken at different times. The kinetic models described above were used to fit the
experimental data. The adsorption kinetics constants for each model and the correlation
coefficients (R2) values were determined.

3.4.4. Isotherm Adsorption Models

The batch equilibration method was employed to determine the adsorption isotherms
at 25 ◦C [41]. Then, 50 mg of adsorbent was added to 50 mL of dye solution, at concen-
trations ranging from 50 to 500 mg L−1; the system was allowed to reach equilibrium by
maintaining a contact time of 24 h. The resulting experimental data were fitted to Langmuir
(Equation (6)) and Freundlich (Equation (7)) isotherm models.

qe =
KLqmCe

1 + KLCe
(6)

qe = KfCe
1/n (7)

where Ce is the solution’s equilibrium concentration (mg L−1), KL is the Langmuir equilib-
rium constant (L mg−1), qm represents the maximum adsorption capacity of the adsorbent
to form a monolayer (mg g−1), while qe (mg g−1) denotes the amount of dye adsorbed
at equilibrium. The Freundlich constants, KF (mg g−1) and n, are associated with the
adsorption capacity and intensity of the adsorbent, respectively. Slope 1/n is a measure of
the surface heterogeneity; as it approaches zero, the surface becomes more heterogeneous.

3.4.5. Thermodynamic Studies

In order to gain a better insight into the influence of temperature on the adsorption pro-
cess, thermodynamic studies were carried out at different temperatures (20, 30, 40 ◦C), keep-
ing the other parameters constant (solution’s pH, adsorbent mass 50 mg, dye concentration
50 mg L−1, contact time 3 h). The mixture was continuously stirred in a double-walled beaker
at the set temperature. Equation (8) through (10) were used to estimate the thermodynamic
variables, including changes in the Gibbs free energy (∆G◦) (J mol−1), free enthalpy (∆H◦)
(J mol−1), and entropy (∆S◦) (J mol−1 K−1):

∆G◦ = −RTln(Kd) (8)

∆G◦ = ∆H◦ − T∆S◦ (9)

ln(Kd) =
∆S◦

R
− ∆H◦

RT
(10)
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where (R = 8.314 J mol−1 K−1) is the universal gas constant, T(K) is the temperature used
and Kd is the thermodynamic equilibrium constant. The change in free enthalpy (∆H◦)
and entropy (∆S◦) can be obtained from the slope and intercept of the plot of ln(Kd) versus
(1/T) using the van ‘t Hoff formula presented in (Equation (10)) [29,42].

4. Conclusions

The adsorption capacity of γ-AlOOH particles, synthesized through the precipitation
method, was evaluated for EBT dye removal. The N2 adsorption–desorption isotherms
indicate that the γ-AlOOH particles have a BET surface area of 298.35 m2 g−1. The thermal
conversion of γ-AlOOH at 800 ◦C for 3.0 h leads to the formation of γ-Al2O3, whose BET
surface area is 403.31 m2 g−1. Both adsorbents show promising adsorption capacities for EBT.

Investigation of the isotherms revealed a close correlation with the Langmuir isotherm
model, with maximum adsorption capacities of 344.44 mg g−1 and 421.94 mg g−1 for
γ-AlOOH and γ-Al2O3, respectively. The kinetic data are in good agreement with the
pseudo-second-order kinetic model. The EBT removal efficiency increases with rising
temperature. The enthalpy of adsorption shows that physisorption is involved. The XRD
patterns before and after adsorption, along with the SEM images and EDS spectrum, are in
good agreement with the adsorption results.

The synthesis of γ-AlOOH and the production of γ-Al2O3 through thermal conversion
could offer promising prospects for the valorization of drinking water treatment sludge
as a potential adsorbent for the removal of environmentally harmful dyes. This approach
effectively addresses two major concerns: on the one hand, public concern regarding the
environmental issues associated with drinking water treatment sludge, and on the other
hand, the recycling and reuse of novel and efficient materials for water treatment purposes.
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