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ABSTRACT

An influential subject of research is the preparation of raw Aloe-Vera (AV) which is characterized by FTIR, XRD,
SEM, and BET and its use as a biosorbent for the effective removal of Pb(II) and Cd(II) ions from an aqueous
solution. The adsorption study was studied using UV-visible (UV/Vis) spectroscopy. The adsorption capacity of
Pb(ID) by AV is 36.33 mg/g (95,79%) was obtained at 20 min at acidic pH = 3, whereas the optimal sorption of
Cd(1D) is 16.92 mg/g (81.54%) at 15 min at pH = 6 with a mass of adsorbent of 0.05 g and metal ion concen-
tration of 5.10-4 M at 20 °C. Thermodynamic studies have proven that the removal of Pb (II) and Cd (II) using
AV is spontaneous, endothermic, and physical in nature. The adsorption kinetics follows the pseudo-second-order
process and the isotherm adsorption was most accurately described by the Freundlich model. On the other hand,
based on the enormous power of the density functional theory as a tool in the adsorption phenomena, which has
been greatly improved by their applications to organic and inorganic adsorption design. The functionalB97D3
with 6-311+-+G**/land2dz//SMD basis set and solvent model is used using descriptors as molecular, electronic,

and reactivity indices.

1. Introduction

Pollution of the biosphere by toxic metals has accelerated dramati-
cally due to the explosive growth of the industry. The presence of
various heavy metals in aqueous effluents is harmful to human health
and the environment [1-3]. Among these significant metals, lead and
cadmium are believed to be highly dangerous and carcinogenic, even at
low concentrations, which have a negative influence on many biological
processes and environmental [4]. These metals are generally
non-biodegradable, extremely toxic, and carcinogenic to the health and
the environment if they are not removed from wastewater before it is
released into the environment.

Cadmium is a well-known toxic and persistent pollutant that occurs
naturally at very low concentrations in common aquatic environments
[5]. Cd (11) is also used in many processes, such as batteries, plastics and
pigments [6]. It can accumulate in several organs of the human body
producing negative effects such as blood pressure and kidney

complications [7] and has a carcinogenic effect [6,8]. Lead exists in
industrial and agricultural wastewater; it is seriously dangerous for
humans and living beings. Long-term drinking water containing a high
level of Pb (II) would cause serious disorders, such as kidney disease,
nausea, coma, seizures, cancer, as well as subtly negative effects on
metabolism and intelligence [9]. Due to their hazardous effects on the
environment and human health, it is important to develop a simple and
sensitive analytical method in order to improve the quality of the
environment and human life. Several industrial wastewater treatment
methods for the removal of these cations have been reported in the
literature [10].

The adsorption technology is one such method considered an
attractive method, most popular for its efficiency in removing heavy
metal ions from effluents in aqueous solutions [11,12]. It is a clean and
fast operation, characterized by its ease of handling, its low cost, and the
availability of different adsorbents in large quantities, easily regenerable
and inexpensive. The economy of this method depends mainly on the
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cost of the adsorbent materials and their availability in large and
renewable quantities, efficiently, and inexpensively [13-16].

Many researchers are attempting to evaluate the sorption capacities
of various new materials in order to research other economically and
inexpensive adsorbents in huge quantities, such as natural materials at
low-cost adsorbents and an effective adsorbent as hydroxyapatite for the
removal of metal ions lead and cadmium from liquids solutions [17-21].

Aloe Vera leaves are easily found in many places in Algeria. It is a
succulent plant, with a whorl of inexperienced elongated, pointed leaves
which belongs to the Liliaceae family [12], it is found everywhere as a
remarkable therapeutic plant with its various applications. Recently,
many studies have reported the use of Aloe Vera as a biosorbent to
eliminate Cu (II), Cr (III) [22-24], Zn (II) [25], As [26], Cr (VI) [27].

In the present work, we are interested in the preparation of the Aloe
Vera (AV) leaves in the raw state as biosorbent and its application for the
adsorption of Pb (II) and Cd (II) ions from aqueous solutions.

With this in mind, we carried out a parametric study of the adsorp-
tion phenomenon of these metallic ions by examining the various pa-
rameters effects like contact time, adsorbent mass, pH solution,
temperature, and the effect of ionic strength.

2. Materials and methods
2.1. Material

The Aloe Vera (AV) leaves were collected in the Saida region in
Algeria. Stock solutions of lead (II) and cadmium (II) were prepared by
dissolving lead acetate PbC4HgO4.3H20 (99.8%, Riedel De Haen), cad-
mium acetate Cd (CH3COO).2H,0 (99%, Prolabo) in distilled water
(DW).). A buffer solution of CH3COOH/CH3COONa (99% Riedel De
Haen) was prepared to keep the pH constant during Pb (II) and Cd (II)
spectrophotometer analysis with Xylenol orange Cs3HzgNoNas013S
(99% Aldrich), the pH of the solution was adjusted to the desired value
by dropwise addition of 0.1 M CH3COOH (98% Panreac) using a digital
pH meter of the consort C863 type. Distilled water was used. All other
reagents were analytical reagent grade.

2.2. Preparation of Aloe vera biosorbent

The sample from (AV) was washed with a mixture of ethanol and
acetone two to three times to remove chlorophyll (green color of the
plant), followed by several washes with distilled water to remove dust
and other unwanted impurities. Then, it was dried in an oven at 80 °C for
24 h, and ground using a standard sieve to separate the powder by
0.2-0.3 pm the obtained materials were stored until the time of use in
adsorption experiments.

2.3. Characterization of adsorbent

In order to study the mechanism of adsorption of metals, it is
important to determine the chemical composition of the materials ob-
tained as well as their surface morphology. Infrared spectroscopy was
performed by the Fourier transform infrared spectrometer type SHI-
MADZU FTRI 8400, in the range (4000-400 cm™ ). Scanning electron
microscopy (SEM), used to examine the morphological structure of WAV
and visualize its surface morphology, was performed on a JEOL-JSM-
F100 microscope.

The X-ray diffraction patterns (XRD) of the samples were carried out
on a diffractometer of the “Expert Prof Panalytical, type MPD and ver-
tical system 0-0” type, using Cu Ka radiation (A = 0.15406 A), a PDS pass
(slit divergence program, slit Antiscater program).

2.4. Adsorption procedure

In order to determine the maximum adsorption yield and equilib-
rium data in this work, several adsorption experiments were

investigated using aqueous solutions of Pb (II) and Cd (II). A stock so-
lution of the metals at a concentration of 1072 M was prepared in
distilled water. From this stock solution, different concentrations were
prepared by dilution. The adsorption study was carried out by adding
0.1 g of adsorbent to 10 mL of each metal solution (5.10% M) at the
initial pH and at an ambient temperature of 20 + 1 °C for a different
time over a thermostatic stirrer with a stirring speed of 600 rpm. The
adsorption studies were performed at 5-60 min.

The supernatant of the samples was centrifuged and analyzed by
Double beam UV-VIS OPTEZEN 3220 for absorbance measurements at
max = 585 nm, Anax = 575 nm of Pb (II), and Cd (II) respectively with
orange xylenol (colored indicators) to buffer 5.8 [28].

The amount (mg) of metal adsorbed per gram of adsorbent at the
time (qt), adsorption capacity (mg g-1) at equilibrium (qe), and %
removal were calculated using the following equations:

(Co —Ce).V.M

Removal % = (@)
qe(mg / g) = (Co — ICne).V.M o)
at(me / g) = (Co— r(:).V.M 3)

where Cy and Ce are the initial and equilibrium concentrations of Pb(II)
and Cd(II) (mg L’l); m is the amount of WAV (g) and Vis the volume of
the solution (L).

2.5. Theoretical study

In the present section, we review computational chemistry ap-
proaches used to investigate non-covalent interactions, from weak
hydrogen bonds to metal-ligand interactions, using the DFT
calculations.

2.5.1. Quantum chemical calculations

Density Functional Theory (DFT) [29,30] has been shown to be an
adopted and useful tool for predicting and describing the chemical
behavior of adsorption phenomena [31,32]. At the first, the initial
structures of (AV@Pb//Cd) complex were generated by using Gauss-
view software [33],All DFT calculations of the optimization geometries,
frontier molecular orbital analysisand harmonic vibrational frequencies
were performed using the quantum chemistry packages ORCA [34].

B97-D3 exchange correlation functionals (including the D3 disper-
sion corrections) with extended basis sets6-311++G** [35] and a
LANL2DZ [36] base set (for Pb and Cd atoms)were applied to optimize
the standard structures with convergence criteria tightened without any
geometric or symmetry constraints, thecomplexes obtained were veri-
fied using harmonic vibrational frequency calculations (the fact that all
frequencies are real is a very important feature). In order to improve the
accuracy of calculationsand to be as consistent as possible with the
experimental environment, the effect of the solvent environment has
been widely studied using the SMD model (Solvation Model based on
Density) [37].

The second part of the theoretical framework is the calculation of the
Fukui functions and the reactivity descriptors. According tothe purview
conceptual density functional theory, frontier molecular orbitals
(HOMO and LUMO) play a crucial role in determining which reactive
sites have electrophilic or nucleophilic characteristics that explain the
formation of H-bonds in the complex [38].

Finally, the analysis of atomic electronic populations on the k atom
was calculated in anionic, neutral and cationic form, to give the infor-
mation necessary for the evaluation of the Fukui indices f (r), using the
following equations.
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where qx(N-1), gx (N) and qx (N+1) represent the charge in site k in the
three anionic, neutral and cationic systems, respectively.

3. Results and discussion
3.1. Characterization of the adsorbent

FTIR spectroscopy allows the identification of the functional groups
present on the surface of the adsorbent; the AV spectrum is shown in
Fig. 1. The strong absorption band is observed at 3419 cm-1, this may be
due to the presence of hydrogen-bonded N-H stretching, characteristic
of amino acids, and to the presence of -OH. The intense band at 2923
cm-1 is related to the symmetric and asymmetric C-H stretch of -CH2
groups, and the presence of aliphatic groups (-CH) is also indicated.

The other band shown in 1739 cm-1 is represented by the C=0
stretch and the presence of carbonyl groups. The peak at 1547 cm-1 may
be attributed to the aromatic nitro group (C-NOy). FTIR peaks are shown
on the surface of the AV adsorbent (1384 cm-1), (1384 -1060 cm-1), and
(870 cm-1) indicating the presence of-COO", C — O - C, and C-H plane
deformation of carbohydrate monomers Fig. 1.

The absorption bands at 870-631 cm-1 are related to the C-H out-of-
plane of carbohydrate monomers. These results are in agreement with
previous work [39,40].

Analysis of the FTIR spectra has also shown the presence of other
ionizable functional groups (OH, CO, C = O, and C=N) which can
interact with cations [41-45]. This implies that these functional groups
would remove the positively charged ions from the aqueous solution.

The X-ray diffraction (XRD) technique allows phase identification of
a crystal structure and estimation of crystallite size. The XRD measure-
ments were shown in Fig. 2, which has an amorphous structure and low
crystallinity of the samples in the ranges of 14-25°. Two relatively broad
peaks were observed in the AV powder at 26 = 14.95 and 26 = 21.7°
diffraction on the (101) and (002) planes of the AV powder respectively
[46].

The micrograph shows the presence of surface holes that correspond
to the pores present in the material. These pores are responsible for the
adsorption of the metal Fig. 3. These images revealed a porous and
irregular surface (different heterogeneous surface structures) with deep
pores such as granules, nanofibers, nanotubes, nanospheres, micro-
spheres, and flakes [47] and aggregation of irregularly shaped grains,
well interconnected that appear brighter, and flakes like a flat surface
revealed [48-50].

The specific surface area of Aloe Vera was determined by the diode
value method, the methylene blue value, and the Langmuir specific
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Fig. 2. XRD pattern of Raw Aloe vera powder.

Fig. 3. SEM image of AV (a) at 50 pm and (b) 10 pm.

surface method [51]. The values of these methods realized from this
sample are provided in Table 1.

The obtained results given in Table 1 indicate that the index value
shows that the aloe vera adsorbent has a high microporosity and the

2368,17 1652 1384.68
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. Table 1
3419,6 Iodine value, methylene blue value, and Langmuir specific surface method.
10 35.00 30I00 25.00 20I00 15.00 10I00 Adsorbent Iodine value (mg/ BM value (mg/ Specific area S (m?/
Wavenumber(cm™) ) g) g)
Raw Aloé vera  361.68 4.02 13.84

Fig. 1. FTIR spectra for Raw Aloe Vera powder.




result found by the methylene blue value indicates the porous quality of
our material is of mesoporous types.

The Langmuir surface area value found in the present study (Table 1)
is 13.84 m?/g, which is nearly similar to the value of 14.62 m?/g found
by Gupta et al. [52].

3.2. Analysis of the influencing factors of adsorption experiments

3.2.1. The effect of contact time

The effect of contact time on the adsorption of Pb (II) and Cd (II)
using AV was obtained in Fig. 4(a). The adsorption efficiency of the two
metals on the adsorbent increases with increasing the contact time to
certain limits to achieve a maximum sorption percentage of 87% and
80% at 20 min for Pb (II) and 15 min for Cd (II) respectively.

The rapid adsorption observed in the first step of this process may be
because a large number of surfaces are available for adsorption and the

formation of stable complexes between metal ions with the active site of
the AV surface, which indicates a high affinity of this material for the
two cations. In addition, the aggregation of these metals in the pores of
the active sites begins to show resistance to the diffusion of heavy metal
ions accumulated in the adsorbents [50,53]. After some time, it is
observed that the adsorption yield decreases with increasing contact
time, which is explained by the possibility of desorption of these ions
due to weak adsorption bonds (van der Waals binding) and that the
adsorption process proceeds according to physical adsorption; this
means that the adsorption sites have reached equilibrium at the surface
of the adsorbent.

3.2.2. The effect of the initial concentration

The effect of the initial concentration in an aqueous solution was
studied at different concentrations of metal ions (1073, 2.107%, 5.107%4,
and10~* M) and the initial pH. The mixtures are followed for a different
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period of time, as can be seen in Fig. 4 (b) and 4(c).

It has been shown that with a concentration of 5.10™* M, the
retention of the two cations reaches the maximum of 87% and 79% for
Pb (II) and Cd (II) respectively. It is observed that at high concentrations
(10_3, 2.10~% M) and at low concentrations (10~* M), the yields are
relatively reduced. This is probably due to the saturation of the
adsorption sites of our material.

3.2.3. The effect of the adsorbent dose

The mass effect is an important factor in the adsorption process
because it acts on the availability of active sites capable of fixing toxic
heavy metals. It was studied by varying the adsorbent range from 0.05 to
0.2 g at a concentration of 5.10~% M of aqueous solutions with initial pH
at a temperature (20 °C), under a stirring speed of 600 rpm in the
function of different times (Fig. 4d) and (Fig. 4e). This indicates that the
adsorption of Pb (II) and Cd (II) on the adsorbent increases with time and
reaches equilibrium at 20 min and 15 min respectively. The best yields
were obtained with a mass of 0.05 g of AV adsorbent for the two cations
reaching 91% Pb (II) and 82% Cd (II). Then, the adsorption decreased
when the amount of adsorbent was increased from 0.1 to 0.2 g. There-
fore, the amount of 0.05 g of adsorbent is sufficient to reach equilibrium.

On the other hand, increasing the amount of AV decreases the adsorp-
tion of Pb and Cd. This can be explained by the following reasons [54]:

The total surface area of the adsorbent has decreased due to the
aggregation of the adsorbent particles and the larger number of adsor-
bent leads to unsaturated adsorption sites.

3.2.4. The effect of pH

The pH of aqueous solutions is a critical parameter for the chelation
and elimination of metals in the solid-liquid phase. The effect of pH was
studied differently by adding acetic acid CH3COOH in aqueous solutions
of metal ions. The results are shown in Fig. 6 (a) and 6(b).

To determine the species formed in our initial solutions of lead and
cadmium used in the adsorption in aqueous medium at different pH
values presented in Fig. 5, we undertook with the help of MEDUSA
(Make Equilibrium Diagrams Using Sophisticated Algorithms) [55].

From Fig. 6(b), we notice that the yield or the sorption capacity of Cd
(II) by AV increases rapidly in the pH range 3-6, it is (10.11-81,54%) or
(2.11-16.92 mg/g). These results can be explained by the fact that
acidity has a negative influence on the retention of Cd (II). The medium
rich in H" and all the binding sites on the adsorbent undergo proton-
ation and charge positively, which results in poor absorption due to
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Fig. 5. Predominance diagram of Pb(II) and Cd(II) species in aqueous solution in acetate medium as a function of pH.
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competition between Cd (II) ions and the sites of the adsorbent [56].
This can be explained by the fact that these ions form acetate complexes
[571. (See the species predominance diagram Fig. 5).

Whereas Pb (II) ions are preferred in an acidic medium which rea-
ches an adsorption maximum of 95.79% (36.33 mg/g) at pH = 3 as
shown in Fig. 6(a). The predominance diagram of the Pb (II) species
Fig. 5 shows that the Pb (II) ions are free [58] and there is a formation of
the acetate complex Pb (CH3COO)" in notable quantities, which is
predominant in an acidic medium and are therefore likely to be adsor-
bed [59]. The pH effect has not been studied at higher pH values due to
the presence of Pb (OH), and Cd (OH);. The formation of these hy-
droxide species becomes important in reducing the adsorption of Pb (II)
and Cd (II). Previous studies have also reported that the best adsorption
efficiency of these ions was observed at pH [3-6,60].

3.2.5. Effect of ionic strength

The effect of ionic strength is one of the most influential parameters
of adsorption. We have studied this phenomenon in order to know the
competition between Na' and the cations of heavy metals studied. To
determine this influence, three concentrations of CH3COONa (0.1, 0.01
and 0.5 M), were added to the aqueous phase of Pb (II) and Cd (II) at

5107* M.

The results obtained are mentioned in Fig. 6(c) and (d), and we have
shown that the more the concentration of CH3COONa increases, the
more the adsorption yield of the metal cations decreases and the best
performances are obtained at low concentration of this salt to (0.01 M).
As a result, high ionic strength can bring about a strong competition
between the two cations and the sodium Na' ions generated by the
dissolution of the salt, which forms a steric hindrance that led to a
decrease in the adsorption yield on AV [61].

3.2.6. Temperature effect

The adsorption of Pb (II) and Cd (II) on the raw AV was studied as a
function of temperature ranges 20-50 °C at the initial pH, with [Pb*?] =
[Cd™?] =5.10™* M and a mass of adsorbent equal to 0.05 g. The results
are given in Fig. 6(e) and (f).

Temperature is a highly significant parameter in the adsorption
process. The adsorption of Pb(II) ions increased from 73% to 76% and
the removal of Cd(II) from 82% to 88% as the temperature increased
from 20 to 50 °C, indicating that the process of Adsorption for both ions
was endothermic, favored by an increase in temperature Fig. 6(e) and
(f). The increase in the adsorption capacity of the AV adsorbent with



temperature can be attributed either to the increase in the number of
active surface sites available on the surface of the adsorbent or by
increasing the mobility of metal cations. Similar behavior in the removal
of Pb (II) and Cd (II) was found using separate adsorbents [54,62-64].

3.3. Thermodynamic study

To determine the adsorption nature, the thermodynamic parameters
including the change in the corresponding free energy (AG®), enthalpy
(AH®), and entropy (AS°) were calculated from the following equations
[57]:

AG® = AH® — TAS® @

InAG® = — RTInK,q )
AS®  AH®

Inkg = —> —

M= R TRT 6)

The values of AH ° and AS ° can be determined from the slope and the
intersection of a linear plot of In Kdvs 1/T as shown in Fig. 7.

From the results of the thermodynamic study mentioned in Table 2,
the negative values of the free energy AG ° are observed, which indicates
that the nature of the phenomenon of adsorption of Pb (II) and Cd (II)
ions on the AV is thermodynamically spontaneous, this indicates that
there is a high-affinity for the adsorbed complex to penetrate the pores
of this material [65,66]. However, the positive values of AH ° were
respectively 1.912 and 0.706 kJ mol-1 for Cd (II) and Pb (II), showing
that the process is endothermic.

Moreover, when AH <20 kJ mol-1, the adsorption process belongs to
physical adsorption, while 80 kJ mol-1<AH <400 kJ mol-1. It belongs to
chemical adsorption.

Therefore, the process of adsorption of two metals has physical
adsorption. While the positive values of AS° suggest an increase in
randomness and disorder at the solid/solution interface during the
adsorption of Pb (II) and Cd (II) ions on the AV [54,65-67].

3.4. Adsorption isotherm

The adsorption isotherms have been developed to describe equilib-
rium relationships. It also explains the adsorption phenomenon is either
physical or chemical [68]. In the present study, the Langmuir, Freund-
lich, Brunauer-Emmett-Teller (BET), D-R, and Temkin isotherms were
applied to adjust the adsorption process of heavy metals. These models
are represented in Fig. 8. And the experimental data at different pa-
rameters are in Table 3.

The Langmuir isotherm model has been based on the monolayer
adsorption of metal ions adsorbate onto the adsorbent surface. The

2,04
1,84
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Fig. 7. Evolution of the Ln Ky in function of 1/T.

correlations used for predicting this model are [69]:

1 1 1
—— (@]
q Kug,C. gq,

1

R=——7F—+
1+ Ky C.

®

where ge: is the amount of metal adsorbed per unit mass of biosorbent
(mg/g), Ce: is the equilibrium concentration in solution (mg/L), and Ky,
and qp, are the adsorption capacity and rate of adsorption.

The Freundlich isotherm adsorption model discusses the type of
adsorption on heterogeneous surfaces with interactions between
adsorbed molecules [70]. The Freundlich formula is described by the
following equation:

1
Lgq.=LgKy+_1gC. 9)

where K¢ represents the Freundlich constant and n symbolizes the
Freundlich factor (non-linear degree)

The Temkin model explains the influence of metal-metal interaction
on the surface of the adsorbent. The model replies the heat of adsorption
of all molecules in a layer as the function of temperature [71], which is
expressed as:

q. =BInA; + B InC, (10)
RT

(BT - b—) an
T

where B: is the Temkin constant, At (L+g-1) is the binding constant, R
(8.314 Jemol-1 «K-1) is the universal gas constant, by (J/mol) is the
constant related to the heat of sorption, and T (°K) is temperature.

Whereas, Dubinin-Radushkevich’s (D-R) isotherm model is
expressed to calculate the Gaussian energy distribution. It can be applied
on both homogenous and heterogeneous surfaces [72], which is
expressed as:

Ing, =Inqp — Kpg € 12)
1
EZRTIH(lJr—) (13)
Ce
E-—L a4
" V2B

where Kpp is a constant related to the mean free energy of adsorption,
gqpr (mg/g) is the theoretical saturation capacity based on D-R iso-
therms and ¢ is the Polanyi potential. T is the absolute temperature (K)
and R is the Boltzmann gas constant (8.314 J/mol K). E is the energy.

The data of regression value shown in Table 3 indicated that the best-
fit isotherm models sequentially included Freundlich > Langmuir >
Dubinin-Radushkevich > Temkin models.

The Freundlich isotherm model was the best fit model compared to
other models for explaining the type of adsorbing metallic ions on the
surface of the raw AV.

The Langmuir isotherm model Fig. 8 (a) was found as the second-best
fit model in the fitting analysis. The Langmuir parameters were inves-
tigated based on equations (7) and (8). The RL value was found between
0 and 1 (0 < Ry, < 1), which implies that the adsorption is favorable
under the experimental conditions, and this result was in a good line
with the Freundlich model about favorability results.

The Freundlich model Fig. 8 (b) is mainly based on the adsorption
onto heterogeneous surfaces adsorption. It is known to have uneven
accessible sites with different adsorption energies [31]. The parameter
of the Freundlich model was analyzed based on equation (9). From the
experiments, the value of 1/n followed 0 < 1/n < 1, confirming that the
adsorption occurred on the heterogeneous surface of the adsorbent



Table 2

Thermodynamic parameters of Cd(II) and Pb(II) adsorption onto AV at various temperatures.

Ion AH° (KJ.mol ") AS° (J.mol LK) AG® (KJ.mol ™)
293 K 303 K 313K 323K
Cd (1) 1.912 15.555 —2.64 -2.79 —2.95 —2.98
Pb (ID 0.706 19.246 —4.932 —5.124 -5.317 —5.509
4,0 15
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Fig. 8. Isotherm of adsorption of Pb(II) and Cd(II) (a) Langmuir, (b) Freundlich, (¢)Temkin, (d) Dubinin—Radushkevich. ([M(ID] = 5104 M; mugs = 0.05g; T

=20 °QC).

Table 3
Isotherm adsorption models for Pb(II) and Cd(II) adsorption.

Isotherm Model Parameters Metallic ions
Pb(ID) Cdn
Langmuir qm (mgeg™) 17.54 2.28
Ky (Lemg™ 1) 0.031 0.042
Ry 0.145 0.186
R? 0.94 0.92
Freundlich 1/n 0.58 0.36
K¢ (mg'~1/"LV7g™h) 4.36 11.66
R? 0.97 0.98
Temkin B 12.53 5.43
Ar (Leg™) 0.141 0.115
by (Jemol ™) 194.41 448.61
R? 0.93 0.86
Dubinin- Radushkevich (D-R) Kp.r (mol?/Kj?) 3.21 3.72
Qm pr (Mg/g) 21.05 7.09
E (Kj/mol) 0.394 0.366
R? 0.94 0.86

(Table 3). The values of the coefficient 1/n are less than 1, which is
characteristic of normal adsorption. The n value obtained in this study
was higher than 1, which shows favorable physical adsorption [73,74].

The parameter of the Temkin model Fig. 8(c) was studied using
equations (10) and (11). Temkin is characterized by the uniform dis-
tribution of binding energies. by value indicated that by < 8 kJ/mol,
indicating physical adsorption (physisorption). The R2 value is high,
which means that this isotherm is adequate for this study.

Linear fitting from the Dubinin-Radushkevich model was analyzed

for obtaining the parameters’ values based on equations (12), (13), and
(14). The linear fitting analysis showed E < 8 kJ/mol, confirming that
the type of adsorption of Pb (II) and Cd(II) onto the biosorbent followed
a physical process.

Based on these isotherms model parameters, the adsorption of
metallic cations onto the raw AV surface was a physical process. The
adsorbate molecules were attracted to the adsorption site through the
van der Waals force [75,76].

3.5. Kinetics models

The adsorption kinetics of Pb(II) and Cd(II) by the raw aloe vera were
explained and evaluated by using pseudo-first-order (PFO) (Eq. (15)),
pseudo-second-order (PSO)(Eq. (16)), and intraparticle diffusion (the
Weber-Morris) (Eq. (17)) and Elovich (Eq. (18)) models [73,77].

The linear formula of these models can be written using the following
equations:

Ln(q.—q,)= —k;.t+Lngq, (15)

t 1 t

- - —_ 16

qt K;.qe? + qe 16

g =kimt'? + C )
1 1

q, :Eln(aﬂ) + Eln(t) (18)

where k; and ky(g.mg~!.min"!) are the equilibrium rate constants of



(PFO) (min~!) and (PSO) models respectively. qe and qt (mg-g’l) are
the adsorption capacity at equilibrium and at time t, respectively, C is
the maximum adsorption amount, and ki, is the intraparticle diffusion
rate constant (gemg ™! min~?).

The Elovich model is used to predict the sorption mechanism, where
qt is adsorbed quantity at time t, while a and p are initial sorption
concentration rate (mg-g *.min"') and desorption constant (g/mg),
respectively.

These models are represented in Fig. 9, and the correlation co-
efficients and parameter values calculated from the four kinetic models
are summarized in Table 4.

The experimental results showed that the pseudo-second order (PSO)
model is the best fitted to the experimental data than other kinetic
models. The correlation coefficient values (RZ) of PSO kinetic model are
the highest for both cations, and are closer to unity compared to other
models. Furthermore, the experimental values of the adsorption capac-
ity (qeexp) at equilibrium 16.55 and 8.25 mg/g were found to be in
excellent agreement with the calculated values from the second-order
kinetic equation (PSO) 17.54 and 7.35 mg/g for Pb(I) and Cd(I),
respectively. These values confirm the validity of the (PSO) to evaluate
the adsorption of these metallic cations from the aqueous solution by the
AV adsorbent. From the pseudo-first-order model (PFO) predicted a
significantly lower value of the calculated equilibrium adsorption ca-
pacity (qe, cal) than the experimental value (qe, exp), indicating the
inapplicability of this model.

Based on these results, it can be concluded that the (PSO) adsorption
mechanism is predominant and more suitable to describe the adsorption
kinetics of these metal ions by the raw aloe vera material. The experi-
mental data were in good agreement with the PSO model [62-67,78,79].

On the other hand, in the Weber-Morris model, the values of C # 0,
and the coefficient of determination (R2 = 0.742 and 0.855) is not
satisfactory, indicating that the intra-particle diffusion is not the rate-
limiting step in the determination of the kinetic process.

According to the Elovich model shown in Fig. 9(d), the high R2
values (0.95 and 0.91) for Pb(Il) and Cd(I)were relatively high

Table 4
Calculated parameters of the kinetic models for Pb(II) and Cd(II) adsorption.
Kenetic models Parameters Pb(ID) Cd(1D)
qe .Exp (mg.g™ 1) 16.55  8.25
pseudo first order qe,cal (mg.g™ 1) 0.761 0.260
ki (min~") 0.185  0.0672
R? 0.766  0.879
pseudo second order ks (g.mg-'.min"?!) 0.147 0.0587
qe,cal (mg.g™1) 17.54 7.35
R? 0.999  0.997
Weber-Morris (Intraparticle diffusion) K; (g.mg-l.minfl) 0.157 0.422
C (mg.g-1) 15.88  6.406
R? 0.742  0.855
Elovich model B (g. mg™h)
o (mg. g~} min~1)
RZ

indicating that Elovich model is suitable for modeling the adsorption
process and show that the desorption rate was higher than the initial
sorption [54,67].

3.6. Computational methods

3.6.1. DFT and Frontier molecular orbital results

All the structures were built using the GaussView software package;
the chemical structures of these molecules are displayed in Fig. 10. DFT
calculations were performed with the Orca program with the B97-D3
and 6-311++G**//LANL2DZ basis sets to optimize the complex using
the implicit solvation models SMD (Solvation Model based on density).

Frontier molecular orbital analysis (FMO) is imperative parameters
used to largely explain how the monomeric atoms of Pb and Cd interact
with the compound AV in the complex (AV@(Pb//Cd)), and to give
more information about the quality of the chemical stability of the
complexes, as well as the region from which the adsorption has strong
non-covalent electrostatic interactions, as shown in Fig. 11. it can be
said that the FMO analysis serves to characterize in the region of the
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Fig. 9. Kinetic model for Pb (II) and Cd(II) adsorption. (a) Pseudo-frst-order,(b) pseudo-second order and (c¢) Weber-Morris model (intraparticle diffusion); ([M(ID)]

=510"* M; contact time = 5-40 min T = 20 °C).



Fig. 10. The chemical structures (2D and 3D) of the complex optimized using DFT//B97D3/6-311++G**/land2dz level of theory, (color symbol; O: red, N: blue, Cd:
yellow, C: cyan,Pb: green and H: white). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. DFTcalculated for HOMO (left) and LUMO (right) frontier orbitals for complex of (AV@(Pb//Cd))

charge distribution around the bond formed that is asymmetrically
centered visualized by large red and green spots, which made a signif-
icant contribution to the electronic transition used to stabilize the
complex Table 5.

In other part, based on natural bond orbital (NBO) analysis, the
delocalization of charge from donors (Aloe Vera) to acceptor level
(heavy atoms Pb and Cd) has been investigated by examining all possible
interactions from donors to acceptor orbitals or known bonding and
antibonding interaction. The stability of the molecular system is deter-
mined by stabilization energy E(2) which is associated with the i to j
delocalization involving the lone pair donor i and acceptor j orbitals.
Form NBO results, the negative charge on carbon atom Cy(—0.16980)
and Cg(—0.19975) are strongly delocalized with the carbonyl groups

10

(C=04(—0.22636)) and via charge transfer interactions with Pb
(0.3035) and Cd (0.46986), that involving their energetic importance by
2nd-order perturbation theory.E(2) = 46.33 kcal/mol for nC,-
Pb—n*C1-04 and 43.67 kcal/mol n*Ce—Cd—LP*Cd, which confirmed
the stability of the complex.

4. Conclusion

The results revealed that the potential of the raw Aloe Vera leaves
has the advantage of being available, cheap, and economical and has the
power to remove hazardous metals like cadmium and lead from an
aqueous solution by an effortless and efficient method as the adsorption
procedure that might be of interest for industrial and for environmental



Table 5

Natural Population Analysis and Fukui indices calculated of all (AV@Pb//
Cdcomplex) atoms by B97D3/6-3114++G**/land2dz in the presence of the
water solvent by theimplicit solvation model SMD.

Atome k qk(M) qk(M+) qkM —) f+ f-

Cd 34 0.46986 0.76003 0.47251 0.29017 —0.00265
Pb 35 0.30350 0.46494 —0.02292 0.16144 0.32642
013 —0.17151 —0.05750 —0.2302 0.11401 0.05869
012 —0.18753 —0.12084 —0.28226 0.06669 0.09473
N11 0.06833 0.12151 0.04533 0.05318 0.02300
c9 —0.06875 —0.0250 —0.06094 0.04375 —0.00781
H 25 0.05861 0.09197 0.03355 0.03336 0.02506
c7 —0.08148 —0.05071 —0.0536 0.03077 —0.02788
C5 0.02623 0.05699 0.04206 0.03076 —0.01583
H 26 0.05364 0.08018 0.03470 0.02654 0.01894
H 24 0.07691 0.10150 0.05137 0.02459 0.02554
04 —0.22636 —0.20198 —0.27065 0.02438 0.04429
c10 —0.05158 —0.03314 —0.10767 0.01844 0.05609
c17 0.04023 0.05831 0.0119 0.01808 0.02833
Cc2 —0.16980 —0.15638 —0.21076 0.01342 0.04096
H 29 0.05264 0.06606 0.03276 0.01342 0.01988
H 21 0.05581 0.06614 0.03598 0.01033 0.01983
H 28 0.05104 0.06131 0.0348 0.01027 0.01624
H31 0.06905 0.07890 0.05441 0.00985 0.01464
Cc18 —0.06024 —0.05082 —0.07183 0.00942 0.01159
H 32 0.06875 0.07730 0.05676 0.00855 0.01199
Cc19 —0.05195 —0.04405 —0.07119 0.00790 0.01924
H 30 0.06308 0.07038 0.04940 0.00730 0.01368
Cc8 —0.06261 —0.05548 -0.11721 0.00713 0.0546
C1 0.10035 0.10723 0.07850 0.00688 0.02185
H 33 0.06343 0.06992 0.05378 0.00649 0.00965
H 23 0.09472 0.10099 0.07632 0.00627 0.0184

H 22 0.05902 0.06525 0.04089 0.00623 0.01813
c16 —0.06321 —0.05799 —0.07574 0.00522 0.01253
C15 —0.06802 —0.07003 —0.06058 —0.00201 —0.00744
H27 0.05012 0.04713 0.05090 —0.00299 —0.00078
C 20 —0.18881 —0.19254 —0.1832 —0.00373 —0.00561
C14 —0.03356 —0.04345 —0.01768 —0.00989 —0.01588
c3 —0.14018 —0.15774 —0.16827 —0.01756 0.02809
Cc6 —0.19975 —0.22839 —0.25124 —0.02864 0.05149

applications for the removal of toxic metal ions from the environment.

The present study has shown that the mechanism of adsorption of
these metals by AV is dependent on the pH of the solution, at acidic pH,
the Pb ions adsorption is favored with an adsorption yield of 95.79%,
while Cd ions offer a good retention capacity at initial pH 6 reached
81.54%.

Moreover, the increase in metallic concentration and the AV mass
decreases the adsorption process.Thermodynamic studies have proven
that the removal of Pb (II) and Cd (II) is spontaneous, and endothermic
with the mechanism of physical adsorption.

Kinetic models indicate that the PSO model better describes the
adsorption kinetics of these ions and the isotherm adsorption was most
accurately described by the Freundlich model.

DFT calculations were carried out by using the functional B97D3 and
6-311++G** land2dz basis set with the SMD implicit solvent model.

The geometry optimization, the local reactivity descriptor, and the
NBO analysis has been concluded that the atoms Cy, C3, Cgand Nj; are
close to nucleophilic center.
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