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Abstract: Eriochrome Black T (EBT) and chromium (Cr) are considered to be potential pollutants due
to their toxicity and severe impact on the environment. In the current study, hydrotalcite-derived
Mg-Ca-Al-LDO mixed metal oxide composite was prepared using a conventional co-precipitation
method and explored in terms of the removal of Cr and EBT dye from aqueous solution in a batch
mode adsorption process. The prepared Mg-Ca-Al-LDH, Mg-Ca-Al-LDO and spent Mg-Ca-Al-LDO
adsorbents were characterized to propose the adsorption mechanism. Different adsorption parame-
ters were examined, such as adsorbent dosage, initial concentration, pH, reaction temperature and
contact time. The EBT adsorption kinetic results matched strongly with the pseudo-second-order
model for both Cr (R? = 0.991) and EBT (R? = 0.999). The Langmuir isotherm model exhibited a maxi-
mum adsorption capacity of 65.5 mg/g and 150.3 mg/g for Cr and EBT, respectively. The structure
and morphology results obtained after Cr and EBT dye adsorption reveal that the adsorption mecha-
nism is associated with electrostatic interactions and surface complexation of Cr and EBT dye with
Mg-Ca-Al-LDO surface functional groups. Moreover, more than 84% of the initial adsorption capacity
of EBT and Cr can be achieved on the Mg-Ca-Al-LDO surface after five adsorption/desorption cycles.
Finally, the Mg-Ca-Al-LDO mixed metal oxide composite can be potentially used as a cost-effective
adsorbent for wastewater treatment processes.

Keywords: layered double hydroxide; adsorption; adsorption kinetic; dye removal; chromium removal

1. Introduction

In view of the increasing global population, urbanization increase and the pursuit
of industrialization, water-based natural sources are under great pressure. This led to
the resolution of many water-stressed countries to search for renewable water sources or
treat used water, such as industrial and domestic wastewater. These sources of water are
considered one of the most prominent global concerns as a renewable source of water due to
their wide availability, and because this water is disposed of by pumping and transferring
it into natural water bodies. The concerns are further increased due to the large amount of
pollutants available in industrial and domestic wastewater, such as pharmaceuticals, heavy
metals, dyes, nutrients and other organic and inorganic pollutants. Therefore, its treatment
leads to the preservation of nature and marine life and, additionally, to the provision of a
new source of water, which in turn achieves all principles of sustainability.
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Heavy metals and dyes are hazardous and well-known toxic contaminants. Chromium
is one of the most toxic heavy metals that is used in different industries, including, but
not limited to, leather tanning, plating, metal processing, paint production and corrosion
control [1]. In aqueous solutions, chromium exists in two states: trivalent Cr (III) and
hexavalent Cr (VI). Low concentrations of Cr (III) are required for human and animal body
cells; however, it was reported that excess concentrations of Cr (III) can result in cancer
and skin-related health issues [2]. Cr (VI) is more mobile and has higher toxicity than the
trivalent chromium [3]. Several health issues, such as cancers, liver dysfunction, and kidney
and lung destruction, have been considered to arise as a result of Cr (VI) [4]. The United
States Environmental Protection Agency (USEPA) have set 100 mg/L as the maximum
allowed concentration of Cr in drinking water. Dyes, including Eriochrome Black T (EBT),
are utilized in different applications, such as cosmetics, textile, pulp, food, leather and
plastic industries [5]. Dyes are considered of high risk to wastewater quality due to their
mutagenic potential, nonbiodegradability, and have a complex chemical structure with
high chemical stability [6]. Currently, the global market has more than 10° commercial
dyes, with an annual production rate that exceeds 7 x 108 kg. Hence, the existence of dyes
in water complexes negatively influence human health and can cause skin irritation, and
kidney and liver damage; moreover, the photochemical activities of the marine ecosystem
are affected in the presence of dyes [7,8]. EBT is an anionic azo dye used for coloring nylon
fibers and other textile fabrics. EBT has a negative impact on the marine environment;
moreover, EBT is carcinogenic and can cause extreme health problems [9]. Therefore, it is
necessary to remove EBT and Cr pollutants from wastewater prior to discharge or reuse.

To eliminate EBT and Cr from aqueous solutions, many strategies have been devel-
oped, including coagulation [10,11], ion exchange [12], ozonation [13], adsorption [14,15],
membrane separation [16-18], photo catalysis [2,19] and precipitation [20,21]. In the last
two decades, adsorption has become more popular for the removal of a wide range of pol-
lutants from aqueous solutions. Adsorption is an easy and cost-effective process, provides
high removal efficiency, and is effective at low concentrations of pollutants; furthermore,
the diversity of adsorbent materials, and the ability to regenerate the adsorbents as well
as ability to recover the pollutants [22,23], makes them of great value. Various materials
have been utilized for the removal of the anionic pollutants (EBT and Cr) from water, such
as activated carbons [24,25], multiwall carbon nanotubes [5,26], graphene composites [27],
clay-based materials and ash [28]. However, due to low adsorption capacities, complex
synthesis processes and poor regeneration abilities of several materials, researchers are still
working on the development of cost-effective adsorbents that can capture a wide range
of pollutants.

Layered double hydroxides (LDHs) are known as anionic-clay-based materials. LDHs
demonstrate high surface area, memory effect, flexible composition, low toxicity, and
can maintain a high number of anions between their internal layers with fast kinetics
compared to other adsorbents [29-33]. As such, LDHs have attracted a significant level
of interest in the remediation of dyes and heavy metals, mainly anions, from aqueous
solutions. For instance, Zubair et al. [30] obtained a maximum capacity of 137.0 mg/g,
123.5 mg/g and 123.4 mg/g of EBT onto CoFe, ZnFe and NiFe LDHs, respectively. The
same research group have also investigated EBT removal by MgAl and CuFe LDHs, and
they found that the saturation capacity could be achieved in 20 min and 30 min, respectively.
Huang et al. [34] prepared NiFe-LDH using a topochemical process and applied this for Cr
removal. Hu et al. [35] synthesized hierarchical calcined Ni/Co-LDH hollow dodecahedra
by etching zeolitic imidazolate framework-67, and they observed high Congo red and Cr
removal capacities of 909.2 and 99.9 mg g~ ! at 30 °C, respectively. Jabkhiro et al. [36] inves-
tigated the effect of the simultaneous removal multiple anionic dyes, such as Eriochrome
Black T (EBT), indigo carmine (IC) and methyl orange (MO), from aqueous solution on
Mg(AI)O. Chen et al. [37] prepared Fe,O3@ZnCr LDH via a two-step microwave hydrother-
mal method, and they reported that the maximum adsorption capacity of methyl orange
(MO) was 240.16 mg/g. Furthermore, the doped LDHs on bentonite, chitosan and biochar
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have also been applied for dye and heavy metal removal. For Cr removal, the LDHs are
usually used as a doped material held onto some supports, such as MgAl LDH doped onto
graphene, polyaniline and polypyrrole [38—42]. These experimental results demonstrate
a remarkable increase in the adsorption capacity of Cr onto the support materials after
LDH modification. All of the above studies conclude that LDHs are an effective adsorbent
material due to their remarkable adsorption capacity and fast kinetics. Hence, the LDHs
are considered a promising materials for water treatment technologies. To expand host
layers and improve the amount of anions in the guest layer, trimetallic-like LDHs have been
extensively investigated for wastewater treatment. In this regard, Lei et al. [43] synthesized
hierarchical porous calcined Ni/Mg/ Al and tested for the removal of Congo red and Cr.
Zaghouane-Boudiaf et al. [44] explored uncalcined NiMgAl and calcined NiMgAl adsor-
bents for methyl orange removal from water. Kowalik et al. [45] synthesized Cu/Zn/Al-
LDH and investigated its memory effect using in situ XRD. Lv et al. [46] prepared Mg-Ca-Al
LDH using co-precipitation method applied for fluoride removal from protein solution.
Chagas et al. [47] prepared MgCoAl and NiCoAl LDHs by hydrothermal urea hydrolysis
process and explored their structure characterization and thermal stability.

To the best of our knowledge, the potential removal of EBT and Cr from aqueous
solutions using a calcined Mg-Ca-Al-LDO mixed metal oxide composite has not yet been
investigated. Therefore, in the current study, the co-precipitation method was used to
prepare Mg-Ca-Al-LDO mixed metal oxide composite (Mg-Ca-Al-LDO) and test for the re-
mediation of EBT and Cr from water. The morphology, structure and chemical composition
of the adsorbent were characterized by different techniques. The influence of the adsorp-
tion parameters, including temperature, time, initial solution pH and initial contaminant
concentration, were investigated using batch mode experiments. Moreover, the isotherms,
kinetics and thermodynamic modeling were explored. According to the modeling results
and spent adsorbent characterization, the adsorption mechanism was proposed.

2. Results and Discussion
2.1. Textural Properties

Figure 1a,b displays the N, adsorption/desorption isotherms and their corresponding
pore size distributions of as synthesized (Mg-Ca-Al-LDH) and calcined Mg-Ca-Al mixed
metal oxide composite (Mg-Ca-Al-LDO) samples. It can be seen that the materials exhibited
type IV isotherms according to IUPAC classification [44], demonstrating that the materials
belong to a mesoporous family. Furthermore, the isotherms also exhibit an H3 type
hysteresis loop at high relative pressure, indicating slit-shaped pores [44]. In addition, the
H3 hysteresis loop typically indicates large open pores; these pores improve the simple
diffusion of reactants via the materials. Figure 1b shows that the pore size distribution (PSD)
profiles of Mg-Ca-Al-LDH and Mg-Ca-Al-LDO are wider and bimodal, and composed of
small and large pores. The Mg-Ca-Al-LDH exhibited average pores at ca. 7 and 15 nm,
while Mg-Ca-Al-LDO possessed average pores at ca. 10 and 23 nm, respectively. The
smaller mesopores reveal the presence of pores within LDH nanosheets, while larger
mesopores can be related to the pores formed between stacked nanosheets. Due to the
intrinsic mesoporosity of these materials, they are more suitable to be applied as adsorbents
for anionic pollutant molecules.

The synthesized Mg-Ca-Al-LDH exhibited a surface area of 80.6 m?/g and pore
volume of 0.26 cm?/g, whereas the calcined Mg-Ca-Al-LDO showed a high surface area
i.e., 152 m?/g with a pore volume of 0.58 cm?/g. The high surface area and pore volume
of Mg-Ca-Al-LDO could be due to the removal of water and carbon dioxide during the
calcination process, which can lead to the formation of channels and pores, which are
accessible to the nitrogen molecules, and could increase the surface area of Mg-Ca-Al-
LDO. These findings agree with those of previous studies, which report surface areas of
between 60 and 200 m? /g [47,48]. The higher surface area could provide more adsorption
sites, which are beneficial for adsorption of pollutants, and one can conclude that the
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Mg-Ca-Al-LDO had more effective adsorption sites than Mg-Ca-Al-LDH due to its higher
surface area.
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Figure 1. N, adsorption/desorption isotherm (a) and pore size distribution of Mg-Ca-Al material (b).

2.2. Thermo-Gravimetric Analysis (TGA-DTG)

To investigate the thermal stability of as synthesized Mg-Ca-Al-LDH sample, TG/DTG
analysis was conducted, and the results are presented in Figure 2. As shown in Figure 2, the
LDH material typically showed three major mass loss steps at various temperatures [49].
The first mass loss stage was observed up to 50-230 °C with mass loss of 17%, which
is related to loss of water molecules from the surface and interlayer sheet. The second
mass loss stage, up to 425 °C, is due to the decomposition of the interlayer carbonate
anions and dehydroxylation of the LDH sheets. In this temperature range, the hydrotalcite
undergoes decarbonation and dehydroxylation reactions that generate carbon dioxide and
water [50,51]. Finally, a third stage of mass loss up to 750 °C was assigned to the completion
of the transformation into a mixed metal oxide lattice [50]. Therefore, the fermentation
results demonstrate that Mg-Ca-Al-LDH has greater thermal stability and this observation
is concordant with the reported literature [52]. From the results discussed above, for
the investigation of the Cr and EBT removal via adsorption through the reconstruction
mechanism, the Mg-Ca-Al-LDH sample was calcined at 500 °C.
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Figure 2. TG-DTG profile of synthesized Mg-Ca-Al-LDH material.
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2.3. X-ray Diffraction Analysis (XRD)

Figure 3 shows the XRD patterns of Mg-Ca-Al-LDH, Mg-Ca-Al-LDO and Mg-Ca-
Al-LDO after Cr and EBT adsorption. It can be seen in Figure 3a that these composites
displayed sharp and symmetric diffraction peaks at approximately 26 = 11.4° (003), 23.1°
(006), 34.6° (012), 60.6° (110) and 61.9° (113), together with the asymmetric and less sharp
reflections at 20 = 38.7° and 45.6° assigned to the (015) and (018) planes, which are the
characteristic peaks of layered double hydroxide compounds [53]. When XRD patterns
were compared with JCPDS Mg-LDHs (JCPDS #890460) and Ca-LDHs (JCPDS #870493),
additionally, the CaCOs3 phase was observed at 20 = 30° (JCPDS #862334). This could be
due to the larger radius of Ca®* ions (0.10 nm) than that of Mg2+ ions (0.072 nm) [54]. The
diffraction peak near 60.6° corresponds to the (110) crystal plane; moreover, the existence of
diffraction peaks at angles between 60.0 to 62.0° indicates that the interlayers of hydrotalcite
are carbonate anionic [52].
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Figure 3. XRD patterns of (a) Mg-Ca-Al-LDH, (b) Mg-Ca-Al-LDO, (c) Mg-Ca-Al-LDO after Cr
adsorption and (d) Mg-Ca-Al-LDO after EBT adsorption.

After calcination (Figure 3b), the Mg-Ca-Al-LDH composite was destroyed and con-
verted into mixed metal oxides Mg(Ca)AlO, which indicates diffraction characteristic of
poor crystallinity. Nonetheless, Mg-Ca-Al-LDO also exhibited some minor diffraction
peaks similar to parent Mg-Ca-Al-LDH due to the incomplete LDH destruction at 500 °C.
The Mg-Ca-Al-LDO sample exhibited two major diffraction peaks located at approximately
26 = 43.5° and 62.9°, which can be assigned to (200) and (220) planes of NiO-MgO solid
solution (JCPDS 24-0712), respectively. In addition, XRD analysis was carried out after
adsorption of EBT and Cr ions, and the results are presented in Figure 3c,d. It can be
clearly seen that both samples exhibited three prominent symmetric diffraction peaks at
26 =11.4° (003), 23.1° (006) and 34.6° (012), which are typical characteristic peaks of LDH
similar to the synthesized Mg-Ca-Al-LDH sample. The reconstruction of LDH in the EBT-
and Cr-adsorbed Mg-Ca-Al-LDO sample is a unique property of LDH materials that is
referred to as the “memory effect”, and is well documented in the published work [55]. This
phenomenon could be due to the combination of Cr and sulfite anions from EBT dye and
water molecules after being added to EBT and Cr aqueous solutions. These results clearly
demonstrate the successful fabrication of trimetal Mg-Ca-Al-LDH and Mg-Ca-Al-LDO
composites. The structure evolution was also observed in the FT-IR spectra.
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2.4. Fourier Transformation Infrared Spectroscopy (FI-IR) Analysis

Figure 4 shows the FTIR spectra for Mg-Ca-Al-LDH, Mg-Ca-Al-LDO and Mg-Ca-
Al-LDO after Cr and EBT adsorption. As seen in Figure 4a, Mg-Ca-Al-LDH displayed a
broad band at approximately 3034-3462 cm ! related to the -OH stretching vibration mode,
caused by the interlayer water molecules and hydroxyl groups in the LDH layers [43]. The
weak band observed at 1674 cm~! was assigned to the bending vibration of HyO from
the interlayer water [56]. The peaks at 1502 and 1383 cm ! are characteristic absorption
peaks related to the asymmetric stretching vibration of interlayer carbonate [54]. The bands
in the fingerprint region between 860-545 cm ! were attributed to metal-oxygen-metal
and oxygen-metal-oxygen functional groups, such as Mg-O, Al-O and Ca-O [46]. In the
FT-IR spectrum of Mg-Ca-Al-LDO (Figure 4b), the bands at 3434 cm~!, 1632 cm~! and
450-900 cm ! were consistent with the Mg-Ca-Al-LDH, the bands at 1502 and 1418 cm !
also indicate the asymmetric stretching vibration of the interlayer CO32~. This band
becomes weaker in the Mg-Ca-Al-LDO spectrum, but does not completely disappear. It can
be concluded that the interlayer anions were removed when calcined at high temperatures
and carbonate anions are remaining. Thus, calcination at 500 °C destroys the crystal
structure of LDH (as confirmed from the XRD pattern in Figure 3), but does not cause
the complete loss of interlayer carbonate anions and bound water. The same findings
have been reported in published work, revealing that the complete removal of the anionic
species can only occur at temperatures higher than 700 °C. Meanwhile, after EBT and Cr
adsorption (Figure 4c,d) the -OH peak intensity drastically decreased, which indicates that
—OH functional groups interact with Cr and EBT via ion exchange or electrostatic interaction.
In addition, the peak at 1502 cm~! belonging to the carbonate ions completely disappeared
after adsorption, which implies carbonate ion participation in the adsorption process via
ion exchange. Based on these results, it can be concluded that the oxygen-containing
functional groups are involved in the adsorption process via electrostatic interaction, ion
exchange and surface complexation mechanisms.

Transmission (%)

Y 3034
3462 71 383

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'1)

Figure 4. FT-IR spectrum of (a) Mg-Ca-Al-LDH, (b) Mg-Ca-Al-LDO, (c) after Cr adsorption and
(d) after EBT adsorption of Mg-Ca-Al-LDO composites.
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2.5. FESEM-EDS Analysis

SEM analysis was carried out for the parent Mg-Ca-Al-LDH and Mg-Ca-Al-LDO
samples, and the corresponding images are displayed in Figure 5. As shown in Figure 5a,
the Mg-Ca-Al-LDH composite contains flakes resembling sharp edges with irregular parti-
cles, which confirms the LDH layered structure. Meanwhile, after calcination, the layered
structure was converted into spherical particles with an average particle size of 40-50 nm.

Figure 5. FESEM images of (a) Mg-Ca-Al-LDH and (b) Mg-Ca-Al-LDO composite materials.

To further confirm the adsorption of Cr and EBT on the Mg-Ca-Al-LDO sample, EDS
mapping analysis was conducted before and after adsorption. As shown in Figure S1, the
Mg-Ca-Al-LDO sample mainly composed of Mg (29.5 wt%), Al (14.5 wt%), O (51.1 wt%)
and Ca (4.5 wt%). Meanwhile, after Cr and EBT adsorption, as demonstrated in Figure 6b,c,
there was 2.1 wt% Cr and 0.6 wt% S, the latter of which was from the EBT pollutant. These re-
sults suggest that Cr and EBT were successfully precipitated on the Mg-Ca-Al-LDO sample.

2.6. X-ray Photo Electronic Spectroscopy (XPS)

Furthermore, XPS analysis was carried out on Mg-Ca-Al-LDO material to verify the
chemical composition and chemical oxidation state of the elements. As shown in Figure 6a,
the survey scan XPS spectrum indicates that the Mg-Ca-Al-LDO material mainly consists of
Mg, Ca, Al, O and Na elements. Figure 6b shows the high-resolution Mgls spectrum with
peak at 1302 eV related to Mg?* [57]. Figure 6¢ presents the Ca2p spectrum, with 350 eV
and 345 eV ascribed to Ca2py,, and Ca2p;,, of Ca?* [58]. Figure 6d displays two peaks
at 68 eV and 73.8 eV belonging to Al2p3,, and Al2p,, of Al,O3. In Figure 6e, the Ols
spectrum is presented, and the peak located at 530 eV was assigned to Ols [59]. The XPS
analysis results corroborate the above EDS spectra and prove the existence of the trimetal
mixed oxides in the Mg-Ca-Al-LDO sample.
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Figure 6. High-resolution XPS spectra of (a) survey, (b) Mgls, (c) Ca2p, (d) Al2p and (e) Ols fresh

Mg-Ca-Al-LDO mixed metal oxide composite.

3. Adsorption Performance Evaluation over Mg-Ca-Al-LDO Composite
3.1. Influence of Mg-Ca-Al LDO Dosage

The influence of Mg-Ca-Al-LDO composite dosage on the removal efficiency and
adsorption uptake of EBT and Cr is illustrated in Figure 7. Regardless of the utilized pollu-
tant, the removal efficiency was increasing with Mg-Ca-Al-LDO dosage due to availability
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of additional unoccupied sites on the surface of Mg-Ca-Al composite upon increasing
their quantities. For instance, the EBT removal efficiency increased from 62% to 98% with
increasing the dosage from 0.25 to 0.75 mg/L, and Cr removal efficiency enhanced from
35% to 69% by increasing the adsorbent dosage from 0.25 to 1.25 g/L. At a certain dosage,
0.5 g/L for EBT (see Figure 7a) and 1.25 g/L for Cr (see Figure 7b), the removal efficiency
was more than 95%, and further increasing the Mg-Ca-Al-LDO dosage had no significant
impact on the removal efficiency; hence, these amounts appear to be the optimum dosages
for EBT and Cr removal at the utilized conditions. Increasing the Mg-Ca-Al-LDO dosage
is interconnected with providing more adsorption sites against a constant concentration
of pollutant, which in turn improves the removal efficiency. In contrast, the adsorption
capacity decreased with Mg-Ca-Al-LDO dosage, which can be explained by the inverse
relationship between the adsorption capacity and the dosage of the adsorbent.
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Figure 7. The influence of Mg-Ca-Al-LDO composite dosage on the removal efficiency and adsorption
capacity of (a) EBT and (b) Cr. [EBT]; = 50 mg/L; [Cr]; = 30 mg/L; temperature, 22 °C; contact time,
24 h; [pH];, EBT =5.2, [Cr]=6.

3.2. Influence of Contact Time

Figure 8a,b displays the impact of contact time on the removal efficiency of EBT and Cr
by Mg-Ca-Al-LDO composite. Different trends were observed for the removal of EBT and
Cr as a function of contact time. For EBT (see Figure 8a), the removal efficiency increased
significantly in the first 45 min, during which more than 71% of EBT was removed. This
fast removal is attributed to the availability of high amounts of active sorption sites at the
surface of the adsorbent. Next, a slower rate of removal was obtained by increasing the
contact time to 180 min until the equilibrium was achieved after 360 min of contact time.
The slow adsorption can be ascribed to the diffusion of EBT particles within the pores of the
adsorbent until saturation. For Cr, the removal efficiency smoothly increased with contact
time to more than 99% within 300 min, after which equilibrium was achieved. The smooth
increase in the removal efficiency might be attributed to one step in the adsorption process,
which will further investigate in the kinetics section.

3.3. Influence of Initial Solution pH

The adsorption behavior of Cr and EBT by LDHs can be clarified by estimating the
surface charge of the Cr and EBT molecules as well as the pHpzc of the Mg-Ca-Al-LDO.
The pHpzc of the Mg-Ca-Al-LDO was evaluated by the pH drift method, and it was found
to be around 12, implying a positively charged adsorbent at pH <12, as demonstrated in
Figure 9. The effect of pH; on the removal efficiency of EBT and Cr was investigated in
pH ranges of 2.3-7 and 2.6-10.7, respectively, and the results are illustrated in Figure 10.
Raising the pH; from 2.3 to 7.0 was found to slightly decease the removal efficiency of
EBT from 79.8% to 73.5%. However, the removal efficiency of Cr was 97 £ 2% in the
investigated pH range, indicating no significant effect of the solution acidity on the removal
of Cr by Mg-Ca-Al-LDO.
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Figure 8. The influence of contact time on the removal efficiency of (a) EBT and (b) Cr by Mg-Ca-
Al-LDO composite. [EBT]; = 50 mg/L; [Cr]; = 30 mg/L; temperature, 22 °C; dosage, EBT 0.75 g/L,
Cr1g/L; [pH];, EBT 5.2, Cré6.
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Figure 9. Determination of point of zero charge (pHpzc) for Mg-Ca-Al-LDO composite by the pH
drift method.
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Figure 10. Influence of initial solution pH on the removal efficiency of EBT (a) and Cr (b) by Mg-
Ca-Al-LDO composite. [EBT]; = 100 mg/L; [Cr]; = 30 mg/L; temperature, 22 °C; contact time, 24 h;
dosage, EBT 0.75 g/L, Cr 1.25 g /L.

In aqueous solutions, the anionic EBT dye occurs as SOz~ species, while the Mg-Ca-
Al-LDO has a high positive charge at pH 2.3. Moreover, high concentrations of H ions
will protonate the oxygen functional groups onto the Mg-Ca-Al-LDO surface, hence more
than 79% of EBT removal was achieved at pH 2.3 due to the strong electrostatic interactions.
Increasing the solution pH was found to slightly decrease the removal efficiency, which is
explained by the reduction in H* ion concentration, which in turn reduces the protonation
of oxygen functional groups and thus lowers electrostatic interaction forces, resulting in
decreased removal efficiency of EBT. However, at pH 7, the removal efficiency was still
more than 73% which is attributed the positive charge of the Mg-Ca-Al-LDO composite.

In the case of Cr, the salt substrate used to prepare the Cr solutions is K;Cr,Oy; in
aqueous solutions, this salt dissociates to HCrO4~ and Cr,O7% ions at pH <6, while at
pH >7, Cr exists as CrO4%~ [60]. Regardless the type of Cr ions in the solution, the removal
efficiency was found not to be affected by the pH;. Cr occurred as negatively charged ions,
while the Mg-Ca-Al-LDO composite demonstrated a positive charge over the investigated
pH range, and hence Cr ions were adsorbed by the strong electrostatic interactions. This
behavior is not well known for Cr ions adsorption as most of the literature concluded a
reduction in the removal efficiency and adsorption capacity of Mg-Ca-Al-LDO for Cr by
increasing the solution pH. Interestingly, for Mg-Ca-Al-LDO adsorbents, our results are in
compliance those of Cr removal by other LDOs reported in the literature [38,61].

3.4. Influence of Temperature

The influence of increasing the temperature from 22 °C to 60 °C on the adsorption
capacity of Mg-Ca-Al-LDO composite for EBT and Cr is illustrated in Figure 11. The results
demonstrate a reduction in the adsorption capacity of the Mg-Ca-Al-LDO toward EBT
from 65.8 mg/g to 62.7 mg/g by raising the temperature from 22 °C to 60 °C. In contrast,
the adsorption capacity of the Mg-Ca-Al-LDO for Cr was found to slightly increase from
29.0 to 29.8 mg/g by increasing the temperature from 22 °C to 60 °C. These outcomes
suggest an exothermic adsorption process for EBT and an endothermic adsorption process
for Cr by Mg-Ca-Al-LDO composite. However, the maximum reduction in the adsorption
capacity of the Mg-Ca-Al-LDO for EBT was less than 5%, while the enhancement in
Cr removal was not more than 3%, indicating that the Mg-Ca-Al-LDO composite can
withstand the variation in temperature required for the removal of both pollutants. It was
reported that the adsorption temperature affects the mobility of adsorbate ions, energy and



Catalysts 2022, 12, 1247

12 0f 23

Adsorption capacity (mg/g)

h
~1

=)
~1

=)
h

=)
(7]

=N
[

h
=]

1

h
h

number of active adsorption cites, as well as the interaction between the adsorbent and the
adsorbate [8]. The investigation of thermodynamic parameters could provide better insight
into the influence of adsorption temperature (see Section 3.7).
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Figure 11. Influence of temperature on the adsorption capacity of Mg-Ca-Al-LDO composite for EBT
(a) and Cr (b) ions. [EBT]; = 50 mg/L; [Cr]; = 30 mg/L; contact time, 24 h; dosage, EBT 0.75 g/L, Cr
1.25g/L; [pH];, EBT 5.2, Cr 6.

3.5. Kinetics Modeling

To examine the rate-determining step and dynamic mechanism of EBT and Cr re-
moval by Mg-Ca-Al LDO composite, the adsorption kinetic data were analyzed by four
kinetic models: pseudo 1st order (PFO), pseudo 2nd order (PSO), Elovich and intraparticle
diffusion (IPD) kinetic models. The kinetic data were tested according to the linearized
models and compared based on the value of the correlation factor (R?). The kinetic model
equations are provided in Table 1.

Table 1. The linearized forms of the tested kinetic models.

Kinetic Model Linearized Form
Lagergren PFO log(qe — q1) = log(ge) — (%)t
_ t 1 1
Ho-McKay PSO T=nat (ﬁ)t
Elovich gt = In(ap) + jInt
IPD qr = kipVt+c

where g, (mg/g) is the saturation capacity of metal ions at equilibrium, g; (mg/g) the adsorption amount at time
t, k1 (min~') is the rate constant of the PFO model, ¢ (min) is the time, k; (min.mg/g) is the rate constant of the
PSO model, B (g/mg) is the is the desorption constant (g/mg), « (mg/g/min) is the initial rate of adsorption,
kip (mg/(g min'/2)) is the IPD model constant and ¢ (mg/g) represents the intercept of the IPD model.

Table 2 provides the correlation factor and model parameters values of the tested
models, while Figures 12 and 13 depict the best trends in fitted lines of the kinetic models
for Cr and EBT, respectively. For both pollutants, the PSO model described better the
kinetics data compared to the PFO model, as reflected in Figures 12 and 13b. The R? value
was 0.999 and 0.979 for Cr and EBT, respectively. Moreover, the experimental adsorption
capacity for both pollutants were much closer to the adsorption capacity obtained from
the PSO model compared the adsorption capacity obtained from the PFO model (see
Table 2). These results demonstrate a chemisorption process of EBT and Cr by the Mg-
Ca-Al-LDO composite. The chemisorption in the process might involve some strong
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electrostatic interactions between the positively charged adsorbent and the negatively
charged pollutants. Moreover, some chemical bonds between EBT, Cr(IV) and the adsorbent
might have contributed in the removal process.

Table 2. Parameters and correlation factors of the tested Kinetic models on EBT and Cr removal by
calcinated Mg-Ca-Al-LDO composite.

EBT Cr
ge (experimental, mg/g) 66.0 30.1
ge (model) 49.0 484
Pseudo 1st order kq 0.015 0.018
R? 0.991 0.844
ge (model) 67.1 37.6
ko 0.0008 0.0003
Pseudo 2nd order t12 181 102
R? 0.999 0.979
« 14.3 53,509
Elovich B 0.10 6.98
R? 0.929 0.920
kiy (1) 6.48 1.649
c(1) 2.23 0
RZ (1) 0.966 0.989
kiy (2) 1.55 0.044
Intraparticle diffusion c(2) 38.4 29.26
RZ(2) 0.920 0.838
ki (3) 0.01 -
c(3) 65.6 -
RZ (3) 1 -
16
(b)
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Figure 12. Linearized kinetic models fit of Cr removal by Mg-Ca-Al-LDO composite for (a) pseudo
1st order, (b) pseudo 2nd order, (c) Elovich and (d) intraparticle diffusion models.
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Figure 13. Linearized kinetic models fit of EBT dye removal by Mg-Ca-Al-LDO composite for
(a) pseudo 1st order, (b) pseudo 2nd order, (c) Elovich and (d) intraparticle diffusion models.

To further investigate the rate-determining step and dynamic mechanism of the adsorp-
tion process, the IPD model was applied on the kinetic data, and the results are presented
in Figures 12d and 13d. For Cr removal (see Figure 12d), the kinetic data demonstrate
two straight lines: step 1, where a straight line found to fit the kinetic data points and passes
through the origin (the IPD constant of step 1 is zero) belongs to the surface boundary
diffusion; step 2, referring to the equilibrium state where no significant changes in the
adsorption capacity occurred. As seen in Figure 12d, the surface boundary diffusion was
responsible for more than 99% of the total adsorption capacity of the LDH toward Cr ions;
hence, it can be said that the surface adsorption was the only adsorption rate limiting step
for Cr removal by Mg-Ca-Al-LDO composite. For EBT removal (see Figure 13d), the kinetic
data found to form three steps of adsorption: step 1 is the surface adsorption, this step
is faster and occurred in 45 min, it is responsible of around 71.9% of the total adsorption
capacity. Step 2 is attributed to the diffusion of EBT ions into the internal pores of the
adsorbent, this step occurred at a slower rate, taking around 315 min to be completed, and
the internal pore adsorption was found to control 27.8% of the total adsorption capacity. In
the final step (step 3), saturation was achieved, and some sulfur ions in EBT were adsorbed
in the remaining cavities within the adsorbent; this step was found to control around 0.3%
of the total adsorption capacity.

3.6. Isotherm Modeling

The isotherm modeling of adsorption studies is very important for the design of
adsorption systems. Adsorption isotherms also identify the nature of the interaction
between a pollutant and a solid surface. The adsorption equilibrium data were investigated
by varying the initial concentration of the pollutants (EBT and Cr) against a fixed value
of other adsorption parameter (pH, temperature, adsorbent dosage and agitation speed).
The equilibrium experimental data were subjected to nonlinear optimization analysis
against different isotherm models, including Langmuir, Freundlich, Sips and Temkin by
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minimizing the sum of the square errors (SSE). The isotherm models were compared to
each other according to the value of R? and SSE. The SSE equation and isotherm models
are presented in Table 3.

Table 3. Adsorption isotherm models and SSE equation.

Isotherm Model
i _ X hC, _ 1
Langmuir de = {1hnc,)” NL 1— TFhc)
Freundlich ge = Kr CL,TF
Temkin ge = %A@)
Sips _ 95 Js G
lp Qe 1+]SC;5

SSE=Y1, (Qi(exp) - qi(ﬂll))z

where g, (mg/g) is the adsorption capacity, X, (mg/g) is the Langmuir maximum adsorption capacity, h
(L/mg) is the Langmuir constant, C, (mg/L) is the equilibrium concentration, R, is the separation factor, K
(mg/g/(mg/L)!/" is the adsorption capacity coefficient of Freundlich model, nr is the adsorption intensity
parameter, R (8.314 J/mol/K) is the gas constant, T (K) is the temperature, A; (L/mg) is the adsorption capacity
coefficient, b (J/mol) is the Temkin constant, s (L/g) and Js (L/mg) are the constants of sips model and x; is the
exponent of sips model. ..y and g;(q;) (mg/g) denote the values of the adsorption capacities obtained from the
experimental data and nonlinear modeling, respectively, and n denotes the number of data points.

Figure 14a,b illustrates the equilibrium data points and the nonlinear fitting of adsorp-
tion isotherms of EBT and Cr removal by Mg-Ca-Al-LDO composite. The values of R?, SSE
and optimized model parameters are presented in Table 4. According to the values of R?
and SSE (R? > 0.959 and SSE < 72), it can be concluded that the adsorption equilibrium
data for EBT and Cr were best fitted by two isotherm models (i.e., Freundlich and Sips
models). Moreover, the equilibrium data points were found to be closely matched with
the Freundlich and Sips fitting lines, as depicted in Figure 14a,b. The Langmuir isotherm
model demonstrates an R? > 0.851 for both of the pollutants, with a maximum adsorption
capacity of 150.3 mg/g and 65.5 mg/g for EBT and Cr onto the Mg-Ca-Al-LDO composite,
respectively. The obtained capacities are competitive to the reported adsorption capacities
of LDHs and LDOs for EBT and Cr, as illustrated in Table 5. These results suggest that
the Mg-Ca-Al-LDO composite displayed a heterogeneous surface in which monolayer and
multilayer sorption takes place for EBT and Cr. The compliance between the equilibrium
data and Sips isotherm model indicates that the removal of both pollutants is a combina-
tion of chemisorption and physisorption processes. The values of the separation factor
(Rp) calculated from Langmuir model were between 0.03 and 0.44 suggesting a favorable
adsorption process for both of the pollutants. The Temkin model is constructed based
on the assumption of multilayer adsorption process [62]. Temkin fitting demonstrates an
R? values between 0.866 and 0.951 for Cr and EBT, respectively. These results confirm
the compliance with the Freundlich model, in which most of the removal occurred as
multilayer adsorption.

Table 4. Statistical parameters (R? and SSE) and isotherm parameters of the investigated isotherms
on EBT and Cr removal by Mg-Ca-Al-LDO composite.

Model R? SSE Parameters
Xm 150.3
EBT 0.902 4391 h 0.07
Langmuir Ry 0.03-0.22
Xm 65.5
Cr 0.851 597 h 0.04

Ry 0.04-0.44
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Figure 14. Best nonlinear fit of adsorption isotherms of (a) EBT and (b) Cr removal by Mg-Ca-Al-LDO
composite. Temperature, 22 °C; contact time, 24 h; dosage, EBT 0.75 g/L, Cr 1.25 g/L; [pH];, EBT 5.2,
Cré.

3.7. Thermodynamics Investigation

To understand and evaluate the spontaneity and feasibility of the adsorption pro-
cess, the thermodynamic parameters, including Gibbs free energy change (AGO), en-
tropy change (AS”) and enthalpy change (AH"), are usually evaluated; these parameters
were calculated by analyzing the adsorption data of the impact of temperature using the
following equations:

o

AG’ = —RTInK, 1)
e
K. =1 2
=2 )
AS°  AH’
InKe = == = %7 ©)

where R (8.314 ] /mol/K) is the gas constant, T (K) is the temperature and K is the adsorp-
tion equilibrium constant, g, is the amount of the pollutant (EBT or Cr) adsorbed by the
Mg-Ca-Al-LDO composite at equilibrium and C, represents the equilibrium concentration
of the pollutants.
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Table 6 provides the thermodynamic parameters of EBT and Cr removal by Mg-Ca-Al-
LDO composite. All of the AG™ values were negative, indicating that the removal of both
pollutants is feasible and spontaneous in nature. The AH" values were found to be negative
for EBT and positive for Cr, implying an exothermic adsorption process for EBT and
endothermic adsorption process for Cr removal by Mg-Ca-Al-LDO composite. These results
confirm the outcomes obtained from the influence of temperature section. The AS" was
found to be a negative value for EBT, suggesting the greater order of reaction throughout
the elimination process of EBT on to Mg-Ca-Al-LDO composite. In contrast, AS" was found
to be a positive value for Cr removal, implying the increased randomness/disorder at the
solid /liquid interface throughout the adsorption process.

Table 5. Summary of the maximum adsorption capacity of selected LDH materials toward EBT and
Cr ions from water.

Initial Adsorbent Maximum
Adsorbent Pollutant Concentration of DO:: ee( L) Adsorption Ref.
Cr or EBT (mg/L) ge's Capacity (mg/g)
Mg-Ca-Al-LDO EBT 30-500 0.75 150.3 Current study
CoFe LDH EBT 20-100 - 137 [63]
CuFe LDH EBT 20-100 - 250 [63]
ZnFe LDH EBT 20-100 - 123.6 [63]
NiFe LDH EBT 20-100 - 123.4 [63]
CuMgAl LDH EBT 10-70 0.25 90.5 [64]
Mg-Ca-Al-LDO Cr 30-500 1.25 65.5 Current study
NiFe LDH Cr 10-200 0.75 14.2 [34]
Divalent iron doped
NiFe LDH Cr 10-200 0.75 359 [34]
MgAl LDH
intercalated with di- Cr 0-160 0.5 52.0 [65]
ethyldithiocarbamate
TiO, modified
Fe30,-ZnAl-LDH Cr 5-300 - 47.7 [66]
Quartz sand coated by
ZnAl-LDHs Cr 0.5-32 10 14.3 [67]
Table 6. Adsorption thermodynamic parameters of EBT and Cr removal by Mg-Ca-Al- LDO composite.
. o AG’ (J/mol)
Adsorbent AH (kJ/mol) AS (J/mol.K)
22°C 30°C 40°C 50 °C 60 °C
EBT -34.5 -79.2 -11.5 -10.2 -9.5 -8.7 -8.4
Cr 252 112.0 -8.2 -8.6 -9.6 -10.8 -12.5

3.8. Regeneration

Adsorbent reusability is a core parameter in practical applications. Among the dif-
ferent elution agents used to regenerate Mg-Ca-Al-LDO for EBT and Cr removal, it was
reported that NaOH solutions 0.1-1 M were successfully utilized for the desorption of EBT
and Cr from Mg-Ca-Al-LDO and decorated LDOs adsorbents [63,68-70]. Therefore, in our
study, 0.5 M and 0.1 M NaOH were used to investigate the recyclability of Mg-Ca-Al-LDO
toward EBT and Cr ions, respectively. Figure 15 illustrates the adsorption capacity of EBT
and Cr ions with respect to the number of the adsorption/desorption cycle. The results
demonstrate a gradual decrease in the adsorption capacity of EBT and Cr ions with adsorp-
tion/desorption cycle. To be precise, the adsorption capacity decreased from 65.8 mg/g
to 57.0 mg/g and from 23.2 mg/g to 19.6 mg/g after five adsorption/desorption cycles
for EBT and Cr ions, respectively. This decline is attributed to the incomplete desorption
of EBT and Cr ions during NaOH washing, which might be explained by a strong chem-
ical bond formation between the pollutants molecules and the Mg-Ca-Al-LDO surface.
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Moreover, loss of functional groups and some adsorbent nanoparticles might occur in the
desorption process, which in turn negatively affect the adsorption capacity on the next
cycle. Regardless of the type of the pollutant, the adsorption capacity was found to exhibit a
more significant decrease between the first and the third adsorption/desorption cycle; after
that the decrease was insignificant between the forth and the fifth adsorption/desorption
cycle. These results reveal that the loss of the functional groups and some nanoparticles
occurred in the first three cycles, and after that, the adsorbent demonstrated a stable ad-
sorption capacity. It is worth mentioning that even after five adsorption/desorption cycles,
the Mg-Ca-Al-LDOs was still able to provide more than 86% and more than 84% of the
initial adsorption capacity of EBT and Cr ions, respectively, indicating the applicability and
reusability of Mg-Ca-Al-LDOs.

70 24
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Figure 15. Reusability performance of Mg-Ca-Al-LDO for the adsorptive removal of EBT (a) and Cr
(b) for five consecutive adsorption/desorption cycles.

4. Materials and Methods
4.1. Materials

Deionized water was used for preparation of EBT dye at 1000 mg/L concentration
and as a stock solution for all dilution purposes. K,Cr,O7 (purity, 99.9%), Mg(NO)3.6H,O
(purity, 99.9%), Ca(NOs),. HyO (purity, 99.9%), AI(NOs)3. 9H,O (purity, 99.9%), NaOH
(purity, 99.9%) and Na,COj3 (purity, 99.9%) were purchased from Sigma-Aldrich chemicals.
All the reagents were used without further purification.

4.2. Synthesis of Mg-Ca-Al-LDH

Mg-Ca-Al-LDH with (Mg + Ca)/Al molar ratio = 3 was prepared by co-precipitation
method according to the previous reports with slight modifications [46]. Briefly, solution
(A) contains 2 mmol of Mg(NO3),-6H,0, 1 mmol of Ca(NO3);-4H,O and 1 mmol of
Al(NO3)3-9H,0 dissolved in 250 mL of DI water. In a separate beaker, solution (B) contains
NaOH (2M) and NayCOs (1M) dissolved in 250 mL of DI water. In the next step, solution
A and solution B were dropwise added to 100 mL DI water contained in a beaker under
vigorous stirring while maintaining the solution pH (10.5). The resulting precipitate was
aged at 80 °C for 6 h, then vacuum filtered and washed with DI water several times until
reaching pH = 7. The solid precipitate was dried in an oven at 100 °C for overnight and
finally calcined in a muffle furnace under static air at 500 °C for 4 h.



Catalysts 2022, 12, 1247

19 of 23

4.3. Adsorbent Characterization

The BET surface area, pore size distribution and pore volume were measured by
the nitrogen adsorption/desorption isotherm using a NOVATECH LX2 analyzer, Anton
Paar, Austria. The adsorbents were degassed at 300 °C for 6 h prior to conducting the
experiment. The surface morphology Mg-Ca-Al mixed metal oxide composite before and
after adsorption were investigated by field emission scanning electron microscopy (FE-SEM,
type: Apreo, Thermo Fisher Scientific, Waltham, MA, USA). The FE-SEM is equipped with
energy dispersive spectrometer (EDS, Bruker Xflash 6/60, Munich, Germany) used for
chemical composition analysis. The functional groups on the Mg-Ca-Al-LDH surface were
obtained by Fourier Transform Infrared Spectroscopy (JASCO FTIR-6300, Tokyo, Japan),
the FTIR spectra was evaluated in a wave length range between 400 to 4000 cm~!. LDH
structure was investigated using X-ray diffraction (XRD, D8 Advance, Bruker, Germany)
with a wave length of 1.5 A and angle range of 20 = 10-80°. Thermo-gravimetric analysis
(TG) of the Mg-Ca-Al-LDH material was carried out on a Netzsch TG analyzer (Model:
STA 449 F5 Jupiter) over 30 mg of sample under an oxygen flow (20 mL min~!) from 20 to
800 °C at a heating rate of 10 °C min~! to estimate the thermal stability of as synthesized
Mg-Ca-Al-LDH material. The point zero of charge (pHpzc) was evaluated by the pH drift
method. Briefly, 20 mg of Mg-Ca-Al LDH composite in 20 mL of a preadjusted initial
solutions pH (pHj;) between 2 and 12 of 0.1 M NaCl. Next, the solutions were agitated at
room temperature for 72 h and finally the final solution pH (pHy) was measured. Then, the
pHpzc was pointed out by plotting pHi against pHg—pH;.

4.4. Adsorption and Desorption Experiments

The elimination of EBT and Cr from aqueous solutions was carried out by the means
of batch adsorption experiment. Stocks of 1000 mg/L of each pollutant (EBT and Cr) were
prepared. In a typical experiment, the required amount of the adsorbent (Mg-Ca-Al-LDO
mixed metal oxide composite) was added to 50 mL Erlenmeyer flasks containing 20 mL of a
certain concentration of the pollutants. Unless otherwise mentioned, all of the experiments
were conducted at room temperature (22 °C) and agitated for 24 h using shaking speed of
170 RPM. Table 7 provides the detailed experimental conditions of the current study. The
experiments conducted at room temperature were agitated using Lab-Shaker (model LS-X,
Kuhner Shaker Inc., Switzerland), while the experiments conducted at higher temperature
were carried out using an incubator shaker (model ISF-7100R, Jeio Tech, Korea). After
saturation, samples for final concentration estimations were filtered using 0.45 pm PTFE
filters. The concentrations of EBT was measured using Hach Lange spectrophotometer
at a wavelength of 530 nm while Cr concentration was measured using ICP-OES. Each
adsorption experiment repeated three times and average values were presented throughout
the manuscript. The following formulas were used to calculate the removal efficiency and
adsorption capacity of Mg-Ca-Al-LDO composite toward EBT and Cr by:

(©-%) 0o “

1

Removal % =

go= (G~ Cf) % 7 5)

where C; and Cy are the initial and final concentrations of EBT and Cr (mg/L), respectively,
ge is the adsorption uptake (mg/g), V represents the volume of EBT or Cr solution in (L)
and M is the mass of the sorbent (Mg-Ca-Al-LDO composite) in (g).

For desorption experiments, 0.5 M and 0.1 M NaOH solutions were utilized as desorb-
ing agents for EBT and Cr ions, respectively. The adsorption experiments were conducted
at the following conditions: [EBT]; 50 mg/L; [Cr]; 30 mg/L; temperature, 22 °C; contact
time, 24 h; [pH];, EBT (5.2), Cr (6); Mg-Ca-Al-LDO dosage EBT 0.75 g/L, Cr 1.25 g/L. After
the adsorption experiment, the Mg-Ca-Al-LDO was separated from the liquid solution by
centrifugation. Next, the adsorbent was oven dried at 60 °C for 5 h and subjected to the
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desorption experiment using 20 mL of NaOH solution, agitation at 200 rpm for 10 h. After
that, the adsorbent was separated by centrifuge and washed with deionized water several
time before conducting the next adsorption experiment.

Table 7. The experimental adsorption characteristics of EBT and Cr by Mg-Ca-Al LDO composite.

Parameter Investigated Range Other Experimental conditions
Influence of Mg-Ca-Al LDO EBT: 0.25-1.25g/L [EBT]; 50 mg/L; [Cr]; 30 mg/L; temperature, 22 °C; contact
composite dosage Cr: 0.3-1.5 time, 24 h; [pH];, EBT 5.2, Cr 6.

[EBT]; 50 mg/L; [Cr]; 30 mg/L; temperature, 22 °C; dosage,

Influence of contact time 1-1250 min EBT0.75 g/L, Cr 1 g/L; [pH];, EBT 5.2, Cr 6.
‘ EBT: 2.3-7.0 [EBT]; 100 mg/L; [Cr]; 30 mg/L; temperature, 22 °C; contact
Influence of [pH]; Cr: 2.6-10.7 time, 24 h; dosage, EBT 0.75 g/L, Cr 1.25 g /L.
qo [EBT]; 50 mg/L; [Cr]; 30 mg/L; contact time, 24 h; dosage, EBT
Influence of temperature 22-60 °C 0.75 g/L, Cr 1.25 g/1; [pH];, EBT 5.2, Cr 6.
Influence of initial concentration 30-500 mg/L Temperature, 22 °C; contact time, 24 h; dosage, EBT 0.75 g/L,

of [EBT]; and [Cr];

Cr1.25g/L; [pH];, EBT 5.2, Cr 6.

5. Conclusions

In conclusion, the highly active Mg-Ca-Al-LDO material was synthesized by co-
precipitation method and studied for the removal of Cr and EBT from aqueous solution.
The calcined Mg-Ca-Al-LDO sample exhibited a superior adsorption property for adsorbing
EBT and Cr due to its relatively high surface area, positive surface charge, and memory
effect. The Langmuir maximum monolayer capacity was 150.3 mg/g and 65.5 mg/g for
EBT and Cr, respectively. The adsorption kinetic results matched strongly with pseudo-
second order models for both Cr (R?-0.979), EBT (R?-0.999), while adsorption isotherm
results fitted well with the Freundlich model. According to intraparticle diffusion modeling,
Cr ion removal was mainly controlled by pore diffusion, while EBT removal was found
to be controlled by surface and pore diffusion. Reusability studies demonstrate that more
than 84% of the initial adsorption capacity of EBT and Cr ions could be achieved after
five adsorption/desorption cycles. Thermodynamics investigations illustrate that the
adsorptive removal of EBT and Cr by Mg-Ca-Al-LDO was a spontaneous and feasible
process. However, the adsorption process was found to be endothermic for Cr ions removal,
while being exothermic for EBT removal.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12101247 /s1, Figure S1: EDS analysis of fresh Mg-Ca-Al-
LDO (a), after Cr adsorption (b) and after EBT adsorption (c).
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