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Abstract: The aim of this work is to characterize and evaluate the adsorption of Cu?" and Ni?* from single and
binary systems by Alginate-Moroccan clay bio-composite with the utilization of calcium chloride as a cross-
linking agent, using the ionotropic gelation method. The bio-nanocomposite was characterized by using a
variety of techniques (SEM, EDX, DRX pHzec). The efficiency of the adsorbent was investigated under different
experimental conditions by varying parameters such as pH, initial concentration and contact time. To
demonstrate the adsorption kinetics, various kinetic models were tried and assessed, including pseudo-first
order, pseudo-second order, intraparticle diffusion, and Elovich models. The results of the investigation
showed that second-order kinetics govern the adsorption process, and the corresponding rate constants were
found. To evaluate the parameters related to the adsorption process, the adsorption equilibrium was examined
using a variety of mathematical models, such as the Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich isotherm models. The Langmuir isotherm was found to be the best appropriate among all
models for describing the adsorption of Cu?* and Ni?** ions using bio-nanocomposite beads. The positive values
of AH? indicate that the adsorption is physical and endothermic, in agreement with experimental results. The
negative value of AG°shows that the adsorption process is spontaneous. Positive AS° values indicate increased
randomness at the solid/liquid interface, during adsorption of Cu?* and Ni?* cations onto the engineered bio-
nanocomposite. The maximum adsorbed amounts of metal ions by the bio-nanocomposite used were 370.37
mg/g for Ni?* and 454.54 mg/g for Cu? from single system. For the binary system, according to the Langmuir
isotherm, the maximum adsorbed amounts of Ni* and Cu?" were 357.14 mg/g and 370,37 mg/g, respectively.
There is proof that Alginate-Moroccan clay bio-nanocomposites can serve as a different, less expensive source
of sorbents for the removal of metal ions from single and binary systems.

Keywords: bio-nanocomposite; alginate; heavy metals; Moroccan natural clay

1. Introduction

One phenomenon that has attracted worldwide concern is heavy metal contamination, which is
now a significant environmental issue and a major stress. Due to their toxicity, bioaccumulation, and
non-biodegradability, these pollutants are of particular interest to researchers who study human
health and aquatic environments. These pollution problems are the result of rapid growth in
industrial activity which has resulted in an environmental disorder [1].

As stated by Tchounwou et al., (2012) [2], heavy metals are classified as metallic elements with a
density that is very high when compared to water. They can be identified by having a high atomic
weight, and a density that is around five times more than that of water. They are present in a variety
of industrial effluents produced by various human activities, including tanneries, mineral extraction,
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and plating facilities, and they are also continuously released into the environment by volcanoes, as
a result of rocks naturally weathering [3-5].

Metal toxicity leads to the creation of free radicals, which cause DNA damage. The formation of
free radicals has been studied in particular for iron, copper, nickel, chromium, and cadmium. The
last metals are known for their carcinogenic properties. We have chosen to investigate two metals in
this study: nickel and copper. These metals have been selected because of their extreme toxicity,
multitude of information available regarding their biogeochemical cycles, and the fact that they are
on lists of priority metals for monitoring contamination in rivers and marine waters [6,7].

Copper is a type of inorganic pollutant that has been extensively studied by researchers in the
field of bio-absorption [8,9]. According to Kadirvelu et al., (2000) [10], this metal can exist in the form
of the free cation Cu? in acidic environments, and as traces of soluble Cu(OH): and [Cu(OH)]* in
neutral or basic environments.

Nickel is used in stainless steel currency, metallic alloys, super alloys, nonferrous metals,
mineral processing, paint formulation, electroplating, battery manufacturing and copper sulfate
manufacturing [11]. In addition to being a heavy metal ion that is frequently used, nickel is also toxic.
Its toxicity spreads throughout the chemical, electroplating, mining, refining, paint, and ink
formulation sectors [12]. It has detrimental consequences on health, including cancer, dermatitis,
nausea, persistent asthma, and coughing. The maximum amount of nickel allowed in the drinking
water is 0.015 mg/L, according to the US EPA [13].

Wastewaters that contain copper and nickel should be appropriately treated before being
released, due to their toxicity.

The conventional techniques for removing Ni* and Cu? ions from aqueous solutions include
ion exchange, solvent extraction, chemical precipitation, oxidation/reduction, filtration, reverse
osmosis, membrane technology, and adsorption methods [14-19]. Considering it is less expensive and
easier to understand, design and operate, the adsorption process appears to be a more suitable
approach for controlling water pollution [20].

The aim of this work is to evaluate the feasibility of using Alginate-Moroccan clay for the
removal of toxic heavy metals from aqueous solution. The influence of experimental conditions such
as contact time, metal ion concentration, or pH have been studied. Experimental results have been
analysed to provide an understanding of the adsorption mechanism. Various kinetic models,
including pseudo-first order, pseudo-second order, intraparticle diffusion, and Elovich models, were
tested and evaluated to illustrate the adsorption kinetics. The study's findings demonstrated that the
adsorption process follows second-order kinetics, with associated rate constants successfully
determined. The Langmuir isotherm was found to be the most appropriate for describing how bio-
nanocomposite beads are used to remove heavy metals. The obtained results showed that alginate-
based bio-nanocomposites have a highly significant adsorption ability for the retention of Cu?>" and
Ni?* in aqueous solution, which is scientifically relevant. The positive values of AH® indicate that the
adsorption is physical and endothermic, in agreement with experimental results. The negative value
of AG° shows that the adsorption process is spontaneous. Positive AS°® values indicate increased
randomness at the solid/liquid interface during adsorption of Cu?* and Ni* cations onto the
engineered bio-nanocomposite.

2. Materials and Methods

2.1. Preparation of adsorbent materials

Using the extrusion synthesis process, a bio-nanocomposite based on Moroccan clay
encapsulated in alginate was developed. 1 g of alginate was constantly mixed with bidistilled water
in a 100 mL Erlenmeyer flask for seven hours at 40 °C. The solutions were agitated at 500 rpm to
completely disperse the alginate. After that, the alginate suspension received 2 g of Moroccan natural
clay, while being gently magnetically stirred at room temperature. The Alginate-clay solution is
injected into a syringe for bead production. Above a 0.1 M calcium chloride (CaClz) gelling solution,
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the syringe is held vertically. Gradually, the treatment is drip-fed into the gel bath. The saline solution
gels quickly, and the creation of chains around the Ca? cations result in the formation of beads [21].

2.2. Batch adsorption studies

In the batch adsorption experiments, 50 mL of an initial concentration solution (Co) was mixed
with 0.05 g of Alginate-Moroccan clay bio-nanocomposite beads, the mixture being vigorously stirred
with the use of a magnetic stirrer. The solution with the Alginate-Moroccan clay bio-nanocomposite
beads was maintained in water bath thermostat, at a constant temperature.

After varying contact time (t), the resulting solutions were centrifuged at 5000 rpm for 10
minutes. The supernatant was then subjected to 0.45-um membrane filtration, and the filtrate was
analysed. The concentration of metals in the supernatant was determined by flame atomic absorption
spectroscopy for Cu?* and Ni?* (Analytik Jena ContrAA 300).

The retention of Cu?* or Ni?* ions concentration (Cr -removal concentration) from the aqueous
solution was calculated as the difference between the initial concentration (Co) and the concentration
at different contact times. The amount removed per unit mass of adsorbent (g:, mg/g) at time "t" was
calculated as follows:

y

q, = (CO - Cz )X_ (1)
m
The removed percentage of Cu?* and Ni* ions was calculated by:
100(C, - C
% adsorption = % (2)
0

Where g: (mg/g) indicates the amount of Cu? and Ni* ions removed per unit mass of the
adsorbent at a given time (f); Co (mg/L) represents the initial concentration of Cu? and Ni?* ions in
the aqueous solution, C: (mg/L) is the concentration of Cu?* or Ni** ions at time (t). V(L) denotes the
volume of the solution.

2.3. Characterization of bio-nanocomposite beads

2.3.1. Morphology analysis

To know the structure sight of the Alginate-Moroccan clay bio-nanocomposite beads, scanning
electron microscopy (SEM) was generally employed to observe samples morphology. The
microparticles structure and morphology were characterized by scanning electron microscope, SEM,
using Quanta Inspect F50, FEI Company, Eindhoven, Netherlands, which was equipped with a field
emission electron gun (FEG) —with a resolution of 1.2 nm, and an energy dispersive X-ray
spectrometer (EDS) with a resolution of MnK of 133 eV.

2.3.2. Elemental analysis

The elemental analysis of microparticle Alginate-Moroccan clay bio-nanocomposite beads was
analysed by SEM coupled with energy dispersive X-ray analysis (SEM/EDX, Quanta Inspect F50, FEI
Company, Eindhoven, Netherlands).

2.3.3. Determination of pH zero-point charges for Bio-nanocomposite adsorbent

To determine the pHzec of the adsorbent, 50 ml of 0.01 M of NaCl solution were placed in
different 250 ml Erlenmeyer flasks, and 0.5g of the Alginate-Clay bio-nanocomposite beads was
introduced into each of them. The pH values of these solutions were adjusted to values between 2
and 12 with 0.1 M of HCl and NaOH solutions. These flasks were kept for 48 hours, and the final pH
of the solutions was measured. The point of intersection of the curve of pHtinal versus pHinitia was
recorded as pHzec of the saw dust.

2.3.4. XRD analysis
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The Alginate-Clay bio-nanocomposite was prepared and characterized by several  analyses.
The X-ray diffraction (XRD) technique was used within the scanning range of 5° <26 < 80° to confirm
the crystalline structure of Alginate-Clay bio-nanocomposites. It was carried out in air and at room
temperature, with the help of PANalytical Empyrean (Almelo, Netherlands) equipment that
comprised a characteristic Cu X-ray tube (A Cu Kol =1.541874 A).

3. Results and discussion

3.1. Characterization of bio-nanocomposite beads

The SEM images of the Alginate-Moroccan clay bio-nanocomposite beads are presented in
Figure 1. This figure shows SEM images of Alginate-Moroccan clay bio-nanocomposite
microparticles obtained at different magnifications. Images A and B show that the overall appearance
of the powder in this sample is in the form of agglomerates whose diameter exceeds even 1 mm.
These agglomerates exhibit an uneven morphology and are distinguished by the presence of voids
and pores on their surfaces. At high magnification, these are agglomerates of a very fine powder
containing grains of various sizes and inhomogeneous forms with dimensions ranging from 0.5 to 8
pm (images C, and D).

Figure 1. SEM images of alginate-clay Bio-nanocomposite microparticles.

EDX is usually used to analyze the elemental constitution of solid samples. The EDX analyses
for the Alginate- Moroccan clay bio-nanocomposite beads are shown in Figure 2 and Table 1.
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Figure 2. EDX analysis of Alginate- Moroccan clay bio-nanocomposite beads.

Table 1. EDX analysis results of Bio-nanocomposite beads.

Atomic percentage

Elements (%)
C 33,83
(0) 54,04
Na 0,76

Mg 0,46
Al 3,55
Si 5,45
Ca 1.00

S 0,14
K 0,29
Ti 0,23

EDX analysis of Alginate-Moroccan clay bio-nanocomposite beads shows that the average atom
fractions of O, C, Si, and Al are approximately 54.04%, 33.83%, 5.45%, and 3.55%, respectively (in
atomic percentage %). The appearance of the calcium atom Ca (equal to 1% in atomic %). This is due
to the addition of alginate, which can contain Ca in its atomic chain from the marine environment.

The zero-charge point pHzrc of the Alginate-Moroccan clay bio-nanocomposite beads used was
found to be 6.2 (Figure 3). This value shows that, at pH less than pHzrc, the surface of the Alginate-
Moroccan clay bio-nanocomposite beads is predominated by positive charges, while at pH greater
than pHzec, the surface is predominated by negative charges. Thus, at pH< 6.2, the surface has a high
positive charge density, so the uptake of negatively charged Cu?* and Ni* ions would be limited. At
pH > 6.2, the surface has a high negative charge density, so absorption of positively charged Cu?" and
Ni? ions would be significant [20,22].
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Figure 3. pH at the point of zero charge (pHzrc) of the Alginate-Moroccan clay bio-nanocomposite.

The X-ray Diffraction spectra of the Alginate-Clay bio-nanocomposite elaborated is displayed in
Figure 4. The X-ray diffraction analysis of Bio-nanocomposite elaborated was examined using a
Bruker CCD-Apex apparatus equipped with an X-ray generator (Ni filtered Cu-Ka radiation)
operated at 40 kV and 40 mA. Samples in powder form were scanned from 5° to 80° (20) at a step of
2°/min. The X-ray Diffraction patterns for Alginate-Clay Bio-nanocomposite are depicted in Figure 4.
The diffraction signals at 20 values of 9.61°, 18.05°,19.85°, 29.13°, 35.03°, and 42.45° correspond to the
lattice planes of clay (Muscovite) mineral. Additionally, there is a diffraction peak at 20 = 20.95°,
26.68°, and 42.60°, indicating the presence of quartz [23,24]. The diffractograms of alginate-Moroccan
clay bio-nanocomposites demonstrate the effective dispersion of clay layers within the amorphous
alginate matrix (ALG). This dispersion is evident from the observed shifts and reduction in the
intensity of the peaks, which are typically associated with the interbasal distances between the clay
layers [21,25].
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Figure 4. X-ray Diffraction: (a) Natural Moroccan Clay (MUS), (b), Alginate-Moroccan Clay Bio-
nanocomposite (ALG/MUS).
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3.2. Single component systems adsorption of heavy metals ions by Alginate-Moroccan clay Bio-
nanocomposite

3.2.1. Determination of m/V ratio

The ratio of the weight of Alginate-Moroccan clay bio-nanocomposite beads adsorbent to
volume of the aqueous phase is a very important parameter of the adsorption process. Different
weights (m) of Alginate-Moroccan clay bio-nanocomposite beads were shaken with V=50 ml of metal
solutions of initial concentration value Co =100 mg/L for 12 hours. The effect of adsorbent dosage on
the removal of Cu? and Ni?* cations at Co = 100 mg/L was studied by stirring in different masses at
25°C. Figure 5 illustrates the variation in the amount of Cu? and Ni?** cations adsorbed as a function
of adsorbent mass.

The removal capacity of Cu? and Ni* cations increases with the adsorbent dose, which could be
explained by the increase in the number of available adsorption sites [26]. From these results, we can
see that the relative adsorption capacity expressed in residual concentration decreases with
increasing material mass, then stabilizes at an optimum mass equal to 0.05g for Cu? and Ni* cations.
The results in Figure 5 show that the amount adsorbed also decreased with increasing adsorbent
mass, as a result of the retention capacity of the adsorbent's active surface for copper and nickel ions.
As the adsorbent dosage was added, the amount adsorbed continued to decrease until it stabilized.
Consequently, the optimum adsorbent dose was set at 50 mg for the remainder of the study.

The removal of Cu?* and Ni* cations in contact with Alginate-Moroccan clay bio-nanocomposite
beads indicate that Cu?* and Ni* cations solutions show a higher adsorption capacity up to the value
of ratio R =1 g/L (50 mg/50 mL), and that any further addition of Alginate-Moroccan clay bio-
nanocomposite beads does not show a significant increasing effect on the retention process. This
result can be explained by the fact that a large quantity of adsorbent creates particle agglomerations,
resulting in a reduction in the total adsorption surface area and, consequently, a decrease in the
quantity of adsorbate per unit mass of adsorbent [21, 26-27]. This result shows that 0.05 g of Alginate-
Moroccan clay bio-nanocomposite per 50 mL of solution, corresponding to a mass/volume ratio equal
to 1 g/L (R=1 g/L), is sufficient to achieve adsorption equilibrium for Cu* and Ni* cations after a
contact time of 12h.
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Figure 5. Effect of adsorbent dose on the removal of Cu? and Ni? cations: Co= 100 mg/L, T=23+2°C
and Te= 12h (contact time).

3.2.2. Effect of contact time

To establish an appropriate contact time between the Alginate-Moroccan clay bio-
nanocomposite beads and solutions metallic ions, adsorption capacities of metal ions were measured
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as a function of time. As shown in Figure 6, the results revealed that the removal of Cu?, and Ni?*
ions seems to occur in two steps.

The first step is relatively rapid, and the second indicate the achievement of the equilibrium.
This time is largely sufficient to establish equilibrium for the study of parameters influencing the
removal of Cu* and Ni?* cations by Alginate-clay bio-nanocomposite studied. When equilibrium is
established, the adsorption rate stabilizes. The rapid step is probably due to the abundant availability
of the active sites on the Alginate-Moroccan clay bio-nanocomposite beads surface, and, with the
gradual occupancy of these sites, the adsorption becomes less efficient in the second slower step
[26,28]. For Alginate-Moroccan clay bio-nanocomposite beads, the amount of Cu?* and Ni?** adsorbed
stabilizes at a contact time of 300 min. After adsorption reached equilibrium, the adsorption capacities
of Ni?* and Cu?* were of 72.72 and 83.30 mg/g at 300 minutes. This high level of adsorption could be
explained by the existence of readily available reactive sites on the outer surface of the bio-
nanocomposite beads, which facilitated the removal of Cu?* and Ni* cations during the initial phase
[29].

A similar study was carried out by Benhima et al., (2011) [26] on the elimination of metallic ions
such as Pb%*, Zn?, Cd? and Cu?" cations by microparticles of W. frutesens plant as an adsorbent.
Benhima et al., (2011) observed that the adsorption of the metals studied takes place in two stages.
The first stage involves rapid metal uptake, the second stage is characterized by adsorption
equilibrium at 300 minutes.

Barrak et al., (2022) [21] carried out a similar kinetic study of Cu?* adsorption on Sodium alginate
encapsulated Moroccan clay beads and showed that, after 190 min, the adsorption capacityof Cu?

was 60.05 mg/g.
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Figure 6. Effect of contact time on the removal of Cu?and Ni?* cations onto bio-nanocomposite beads:
m/V=1 g/L and T=25°C.

3.2.3. Effect of initial solution pH

The examination of the pH impact was carried out according to the following method. In the
initial step, 0.06 grams of bio-nanocomposite beads studied were introduced into multiple flasks,
each containing 50 mL of Cu? and Ni?* cations solution. The study of the effect of solution pH on the
adsorption of Cu? and Ni* cations was carried out at an initial concentration of 100 mg/L and at
different pH values. The pH ranged from 2.06 to 7.5 for Cu? and from 2.62 to 7.5 for Ni**.The results
are shown in Figure 7. This figure shows that, for the metal ions studied, the increase in pH leads to
an increase in the adsorption capacity of Alginate-Moroccan clay bio-nanocomposite beads.

We can see that, at pH> pHzrc, the strong increase in adsorption capacity can be explained by
the electrostatic attraction between the cations and the negatively charged adsorbent surface [20, 30].
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A similar behavior was observed by Stefan and Meghea, (2014) [31] for the removal of Ca?, Pb?
and Ni? cations using Purolitel S930 ion exchange resin. It is supposed that, while the pH increases,
the proton concentration inside the aqueous medium is lowered and the dissociation processes of
hydroxyl and carboxyl active groups are intensified, allowing metal ions to bind more easily to the
resin's active centers.
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Figure 7. Effect of initial pH on the adsorption of Cu? (a) and Ni*(b) cations: Co= 100 mg/L, m/V=1
g/L and T=23+2°C.

3.2.4. Effect of temperature

The influence of solution temperature on the adsorption of Cu?* and Ni** cations was tested over
a temperature range from 25 to 40°C, with an initial concentration of 100 mg/L (Figure 8). Increasing
the temperature from 25°C to 40°C resulted in a slight increase in the adsorption capacity of the
Alginate-Moroccan clay bio-nanocomposite beads used. The adsorbed amount was set at 83.64 mg/g
for Cu?>  and 72.73 mg/g for Ni* at 25°C.

These results lead to the conclusion that adsorption capacity increases with increasing
temperature, suggesting endothermic adsorption. These results can be verified by determining the
thermodynamic parameters.

A similar study was carried out by Alothman et al., (2020) [32] on the adsorption of metal ions
(Cu?, Pb* and Cd?*cations) by low-cost bio-sorbents from fungi. This study showed that the
adsorption capacity increases from 10°C to 60°C. The bio-sorption efficiency increased, due to greater
affinity of the active sites, leading to greater attraction of heavy metal ions.
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Figure 8. Effect of temperature on the adsorption of Cu? and Ni? cations by bio-nanocomposite beads:
Co=100 mg/L and m/V =1 g/L.
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3.3. Adsorption kinetic models

The adsorption process consists in three steps:

- External diffusion which means the mass transfer of the adsorbate from the bulk solution to the
external surface of the adsorbent;

- Internal diffusion of the adsorbate through the pores of the adsorbent;

- The adsorption itself on the active centers of the adsorbent.

The slowest step among the three steps is the rate limiting step. This can be elucidated by fitting
different kinetic models to establish the most probable adsorption mechanism. The experimental data
on adsorption kinetics were examined using a variety of kinetic models, pseudo-first-order model,
pseudo-second-order model, Elovich model and intraparticle diffusion model [20].

3.3.1. Pseudo-first order kinetics model

The kinetics equation of pseudo-first order model and its linearized form may be represented as
follow [20,33-37]:

d
% =k,(q. —q;) (non — linear form) 3)
In(q. — q;) =lnqg, — kit (linear form) (4)

Where ki (min™) is the rate constant for the pseudo-first order kinetics model, g.(mg/g), : (mg/g)
are the amounts of Cu?* and Ni? cations retained on weight unit of adsorbent at equilibrium, and at
any time t (min), respectively.

The plot of In (g-q:) versus contact time ¢ for Alginate-Clay bio-nanocomposite beads, gives a
straight line of slope —k: and intercepts Ing. (Figure 9). The values of the theoretical adsorption
capacity (g #e), the rate constant for the pseudo-first order kinetics model (ki) and the correlation
coefficient (R?) are presented in Table 2. The table shows that the value of theoretical adsorbed
amount 4. is not quite similar to the experimental value (ge, i = 20.46 mg/g < ge,exy = 72.82 mg/g for Ni?*
and g., me = 2.55 mg/g < ge, exp = 83.30 mg/g for Cu?, suggesting the insufficiency of pseudo-first-order
model. We find that, under these conditions, the pseudo-first order model is not adequate to describe
the adsorption kinetics of Cu?*and Ni? cations from aqueous solutions onto Alginate-Moroccan clay
bio-nanocomposite beads.
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Figure 9. Pseudo-first order adsorption kinetics model on adsorption of Cu?*and Ni?* cations by bio-
nanocomposite beads.
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3.3.2. Pseudo- second order kinetics model

The rate equation and its linearized form for the pseudo-second-order kinetics model can be
represented as follows [20,33-38]:

d

% =k,(q, — q,)? (non — linear form) (5)
=+ ()t Clinear form)  (6)

— = — inear form

q k202 \qe

Where, k2 (g.mg-1min) is the rate constant for the pseudo-second order kinetics model, ge
(mg/g), q: (mg/g) are the amounts of Cu* and Ni? cations retained on weight unit of adsorbent at
equilibrium, and at any contact time ¢ (min), respectively. The pseudo-second order plots for Cu?*
and Ni? cations adsorption are presented in Figure 10, and the kinetic parameters are given in Table
2. The correlation coefficient for the pseudo second order kinetic model is nearly equal to 1, and the
value of theoretical adsorption capacity (g #e ) is comparable to the experimental one (ge, e = 75.75
mg/g for Ni>* and ge, e = 90. 09 mg/g for Cu?).

Therefore, it was concluded that the pseudo-second order adsorption model is more appropriate
to describe the adsorption kinetics of Cu? and Ni? cations on Alginate- Moroccan clay bio-

nanocomposite.
2 ;
1 &Nl
g 1 i A
1 mcu( 4
f A ®
B A =
L5} A =
= -
e e % L
1 g =
33 I
; e |
2 1 5
] & 2
11 =m
ﬂ 1 T T T T I T T T T I T T T T I T T T T I T 1 T T I T T T T I T T T T

=

100 200 300 400 500 GO0 F00
Contact time{min)

Figure 10. Pseudo-second-order kinetic model of Cu? and Ni? cations adsorption on bio-
nanocomposite beads.

3.3.3. Elovich kinetic model

The Elovich model is a useful tool for studying systems with heterogeneous surfaces, especially
when describing the kinetics of chemisorption [20]. This model is mathematically expressed through
equations 7 and 8. In these equations, ‘g and 'q:' (measured in mg/g) denote the quantities of
adsorbed Cu? and Ni* cations at equilibrium, and at any specific contact time 't' (in minutes),

respectively.
The kinetics equation Elovich model and its linearized form may be expressed as:
dqt _ -Bq .
o = ae t (non — linear form) (7)

In (ap) N 1

Qe =—FH T 5

B B

Where, g. (mg/g) and gq: (mg/g) are the amounts of Cu?" and Ni?* cations adsorbed at equilibrium

and at any contact time ¢ (min), respectively. @ (mg/g/min) is the initial adsorption rate and § (g/mg)
is the desorption constant related to the extent of the surface coverage and activation energy for

In(t) (linear form) (8)
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chemisorption. The Elovich kinetic constants ot and [3 are obtained from the intercept and the slope
respectively (Figure 11). The correlation coefficient indicates that the Elovich model is not adequate
to characterize the Cu? and Ni? cations adsorption on bio-nanocomposite beads. However, based on
the correlation coefficient analysis, it is evident that the Elovich model is not sufficient to accurately
characterize the adsorption of Cu?" and Ni?* cations on bio-nanocomposite beads.
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Figure 11. Elovich kinetic model of Cu?*and Ni?* cations adsorption on bio-nanocomposite beads.

3.3.4. Intra-particle diffusion kinetics model

Fitting the experimental data to an intraparticle diffusion model is the most widely used method
for determining the mechanism involved in the sorption process. One or more processes, such as
boundary layer (film) or external diffusion, diffusion at the surface, internal pore diffusion, or a
combination of several steps, may be used to approximate the overall adsorption of solute onto the
solid surface [20,39].

To calculate the initial rate of intra-particle diffusion, Equation 9 is linearized. In this equation,
ky (mg'-min'?) represents the intra-particle diffusion rate constant, ¢ (mg/g) is the concentration of
Cu? and Ni? cations from the solution at equilibrium, and ¢: (mg/g) denotes the amount of Cu? and
Ni?* cations retained on a unit weight of the adsorbent at contact time ¢ (minutes). The graphical
representation of this relationship is presented in Figure 12.

qc = kptY? + ¢ (linear form) 9)

The intra-particle diffusion, ky, values were obtained from the slope of the straight-line part of
plot of g: versus t2, for various solutions temperature. The correlation coefficients (R?) for both
studied cations are 0.815 for Ni** and 0.530 for Cu?* at 25°C. This correlation coefficient indicates that
the intraparticle diffusion model is not suitable to describe the kinetics of Cu? and Ni?* cations
adsorption from aqueous solutions on bio-nanocomposite beads. This means that the internal
diffusion is either fast and is not the limiting step in the adsorption mechanism or internal diffusion
solely is not the limiting step. The values of k, and ¢ calculated from the slopes and intercepts are
summarized in Table 2.
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Figure 12. Intra-particle diffusion kinetics model of Cu? and Ni? cations adsorption on bio-
nanocomposite beads.

Table 2. Parameters of four kinetic models for Cu?* and Ni?* cations adsorption at Co=100 mg/L

Kinetic model Parameters M.etal lons
N12+ Cu2+
Jeexp(MNG/S) 72.82 83.30
, K1 (min™) 0.0059 0.0027

Pseudo- first order model gone(mg/2) 20,46 555
R? 0.737 0.469
Jeexsp(ME/L) 72.82 83.30

Pseudo-Second order model Kz (g.mg-mirr) 457107 25107
Jetne(MNG/) 75.75 90.09
R? 0.994 0.992
Jeexp(ME/E) 72.82 83.30

Elovich model “ 14.64 58.94
B 0.087 0.090
R? 0.679 0.806
Kim(mg.g'min'?)  1.48 1.35

Intra-particle diffusion Ci 50.028 43.52
R? 0.815 0.530

The bio-nanocomposite utilized in the adsorption investigation of Cu?* and Ni?* cations showed
that, for an initial concentration of 100 mg/L, the correlation coefficient (R?) values for the pseudo-
second-order adsorption kinetic model were very high (about 0.99). This means that the pseudo-
second-order model's estimation of adsorption capacity nearly matched the experimental results. The
pseudo-second-order adsorption model is thought to be the best option for explaining the kinetics of
Cu? and Ni* cations adsorption by the used bio-nanocomposites.

3.4. Isotherm study


https://doi.org/10.20944/preprints202311.1502.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023 doi:10.20944/preprints202311.1502.v1

14

Adsorption isotherms, which are important data for understanding the adsorption mechanism,
are mathematical models that describe the distribution of adsorbed species between the solid and
liquid phases [40]. Several mathematical models have been studied in this work, namely Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich (D-R) equations. This study was performed by
ranging the initial ion concentration from 100 to 600 mg/L at room temperature.

3.4.1. Langmuir adsorption isotherm

According to the Langmuir adsorption isotherm, homogeneous surfaces are indicated by the
solid surface, having a limited amount of identical sites [20, 40-43]. The linearized form of the
Langmuir equation can be stated as follows:

=g,k li 10
de = 4y, TKLCe (non — linear form) (10)
1 1 1 )
=—+——+  (linear form) (11

de . qK.Ce

Where g. (mg/g) is the amount adsorbed at equilibrium concentration C. (mg/l), q.(mg/g) is the
Langmuir constant representing maximum monolayer capacity, and Kt (L/mg) is the Langmuir
constant related to energy of adsorption.

The plots between 1/g. and 1/C. for the adsorption of Cu? and Ni?* cations are represented in
Figure 13. The values of the adsorption capacity (q.), the Langmuir constant (Kt), and the correlation
coefficient (R?) were presented in Table 4. The highest value of the adsorption capacity g obtained at
25°C was 370.37 mg/g for Ni? and 454.54 mg/g for Cu?* ions (Table 4).

The essential feature of the Langmuir isotherm can be expressed by means of ‘R, a
dimensionless constant referred to as separation factor or equilibrium parameter, to predict whether
an adsorption system is favorable or unfavorable. Rt is calculated using Eq. 12. Where Kz (L/mol) is
Langmuir constant and Co (mol/L) the highest initial ions concentration.

R, =—— (12

- 1+K1Cy

The calculated values of parameter R for this study were found to be between 0 and 1(0.160 for
Ni** and 0.168 for Cu?* ions), indicating that the adsorption of Cu* and Ni* cations onto bio-
nanocomposite beads particles was favorable (Table 3).

Table 3. Isotherm type for various Rt values.

Dimensionless Metal ions

constant Niz Cu*
Re 0.160 0.168
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Figure 13. Langmuir adsorption isotherm of Cu?*and Ni?* cations at 25°C.

3.4.2. Freundlich adsorption isotherm

For natural adsorbents which are heterogeneous, the Freundlich equation offers the most
suitable adsorption data. The Freundlich adsorption isotherm equation and its linear form can be
written as follows [20,40-42]:

1/n

q. = KzC, (non — linear form) (13)

1
Inq, = InKp + ;ln C, (linear form) (14)

where, g. (mg/g) is the amount of Cu? and Ni?** cations adsorbed per unit weight of adsorbent;
Ce (mg/L) is the equilibrium concentration of solute in the bulk solution; Kr (mg/g) is the Freundlich
constant, which is a comparative measure of the adsorption capacity of the adsorbent, and # is an
empirical constant related to heterogeneity of the adsorbent surface. The parameter n also indicates
the nature of the adsorption process. An adsorption is considered favourable if the value of n is
between 0 and 1, unfavourable if its value is more than 1, linear adsorption if its value is 1, and the
adsorption process is irreversible if its value is 0. The slope and intercept of the plot In g. vs In C. were
used to obtain the isotherm constants n and Kr (Figure 14). The values for Freundlich constants and
correlation coefficients (R?) for both temperatures are also presented in Table 4.

The Freundlich isotherm constants Kr and # are constants incorporating all factors affecting the
adsorption process, such as adsorption capacity and intensity of adsorption. The constants Kr and n
were calculated from Eq. 14. These experiments confirm the efficiency of the bio-nanocomposite used
to remove Cu? and Ni* cations from aqueous solutions.
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Figure 14. Freundlich adsorption isotherm of Cu?" and Ni?* cations at 25°C.

3.4.3. Temkin Isotherm

The Temkin adsorption isotherm model is based on the heat of adsorption of ions, which is due
to interactions between adsorbate and adsorbent. The Temkin isotherm equation is written as follows

[20,44]:
RT _
qe = Eln K;C, (non — linear form) (15)
RT RT _
qe = —InKy +—InC, (linear form) (16)
by by

Where T is absolute temperature in Kelvin and R the universal gas constant (8.314 J/mol/K). br
(J/mol) is Temkin isotherm constant related to the heat of adsorption. Kr (L/mg) is the equilibrium
binding constant corresponding to the maximum binding energy. The Temkin isotherm plot is
presented in Figure 15. The isotherm parameters are given in Table 4. The Temkin constants br related
to heat of adsorption of Cu?* and Ni?* cations at 25°C were found to be 24.938 J/mol for Ni** and 21.33
J/mol for Cu?, respectively.

The linear regression of the data points showed rather low R? values (0.829 for Ni* and 0.865 for
Cu?, indicating that adsorption of Cu?* and Ni?** cations did not fully follow the Temkin isotherm.
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Figure 15. Temkin adsorption isotherm of Cu? and Ni?* cations at 25°C.

3.4.4. Dubinin—-Radushkevich (D-R) isotherm

When expressing the adsorption mechanism with a Gaussian energy distribution onto a
heterogeneous surface, the Dubinin-Radushkevich isotherm is usually used. It is used for calculating
the mean free energy of adsorption (E), not the constant adsorption potential or homogenous surface
assumption. The D-R equation can be written in both linear and non-linear versions as follows [20]:

qe = qme"l“’lﬂg2 (non — linear form) (17)

Ing, = Inq,, —Kpe? (linear form) (18)

Where g (mg/g) is the theoretical saturation capacity and ¢ is the Polanyi potential that can be
calculated from Eq. 19:

1
¢ =RTIn (1 + —) (19)
Ce

When the adsorbate is moved from the bulk solution to the surface of the solid, the constant Kp
(mol¥/J?) provides an estimate of the mean free energy E (kJ/mol) of adsorption per molecule. This
may be computed from the Kp value using the following relation (Eq. 20):

E (20)

- (2Kp)2

If the value of E is between 8 and 16 kJ/mol, the adsorption process is expected to be
chemisorption, while for values of E < 8 kJ/mol, the adsorption process is physical in nature. The
results are illustrated in Table 4. The slope of the plot of In g. versus € gives Ko and the intercept
yields the adsorption capacity gn. As it can be seen in Figure 16 and Table 4, the correlation coefficient
values are 0.756 for Ni** and 0.771 for Cu?, respectively at 25°C. The numerical value of adsorption
of the mean free energy is 50 J/mol for Ni** and 70.71 J/mol for Cu?>" (Table 4) corresponds to a
physisorption and the predominance of van der Waals forces.

Inq.
g

0 2000 2000 5000 2000 10000 12000
((RTIn(1+1/Ce))?

Figure 16. Dubinin—Radushkevich (D-R) adsorption isotherm of Cu?* and Ni?** cations at 25°C.

Table 4. Parameters of isotherm models for Cu?* and Ni?* cations. adsorption at 25°C.

Metal Ions

Model P t
ode arameters Niz* Cut
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qu(mg/g) 370.37 454.54
Langmuir K: (L/mg) 0.0087 0.0082
R? 0.970 0.970
1/n 0.608 0.650
Freundlich Kr(mg/g) 9.706 9.728
R? 0.946 0.950
Kr(L/mg) 0.062 0.066
Temkin br (J/mol) 2494 21.33
R? 0.829 0.865
Kb (mol?/]) 2x10* 10+
D-R gm (mg/g) 229.63 258.60
E (J/mol) 50 70.71
R? 0.756 0.771

3.5. Thermodynamic study

Determining the thermodynamic parameters is essential for comprehending the link between
temperature and adsorption, which is mostly dependent on the specific combination of adsorbent
and adsorbate. In general, adsorption is always accompanied by a thermal effect, which can be either
exothermic (AH® < 0) or endothermic (AH®> (). The measurement of the heat change (AH®) serves as
the primary criterion to distinguish between chemisorption and physisorption. In addition,
estimating the standard entropy change (45°) helps in determining the degree of disorder in the
adsorbate-adsorbent system, and evaluating the standard Gibbs free energy change (AG°) permits us
to forecast the spontaneity of a process [20,30, 44, 45]. These thermodynamic parameters were
calculated from the following equations:

AG® = —RTLn(K,) (21)
AH®  AS°
AG® = AH° — TAS® (23)

Where, T is the absolute temperature in Kelvin and R the universal gas constant (8.314 J/mol/K).
Ka (L/mol) is the distribution coefficient. The results for the thermodynamic parameters are shown in
Table 5. The positive values of AH® show that the adsorption is physical and endothermic, which is
consistent with experimental data. The negative AG° readings demonstrate the spontaneous nature
of the adsorption process. Positive AS® values indicate increased randomness at the solid/liquid
interface during the adsorption of ion-organic ions onto the engineered bio-nanocomposite.

Table 5. Thermodynamic parameters for of Cu?* and Ni?* cations at 25°C. adsorption at Co=100mg/L.

AG° (kJ/mol) . .
Ton 5 oC  30°C 35 °C 10°C AH® (kJ/mol)  AS° (J/K/mol)
Niz -12.52 -13.18 -13.56 -14.06 17,178 99,83
Cu* -14.33  -14.71 -15.69 -16.71 33.89 161.15

3.6. Binary component systems adsorption

To determine the mechanism of Cu? and Ni?* cations adsorption from binary component system
on bio-nanocomposite beads used, the experimental data were applied to Langmuir and Freundlich
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isotherm equations, at room temperature, at the initial ions solution pH, and with percentages of 50%
Ni? + 50% Cu?*. The results obtained are shown in Figures 17 and 18.

The values of Langmuir and Freundlich parameter for each anion of binary system and their
respective determination of R? coefficient values are presented in Table 6.
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Figure 17. Langmuir isotherm of Ni* and Cu?" cations on bio-nanocomposite beads in binary

component system.
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Figure 18. Freundlich isotherm of Ni?>* and Cu?" cations on bio-nanocomposite beads in binary
component system.

Table 6. Parameters of Langmuir and Freundlich models for the adsorption of Ni?* and Cu?* cations
on bio-nanocomposite beads in binary component system.

Syste  Freundlich parameters Langmuir parameters qLmix

m CIL,Single

Im  Ke(mg R* gqy(mg/g) K.(L R?

/8) /mg)
Niz+ 0.507 1953 0.823 357.14 0.0015 0.892 0.96
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Cu? 0.655 9.09 0853 37037 0.010 0.902 0.81
Interactions between both metal ions in the binary mixture were evaluated by the ratio gz, mi/ gr,
single, qr, mix, Which is the maximum adsorption capacity in binary mixture, and qr singte is the maximum
adsorbed amount in the single system [46,47].

® gL mi/ gL singe > 1 adsorption is promoted by the presence of other ions;
®  qrmid qusinge <1: adsorption is suppressed by other ions;
® gL mix/ qLsingle = 1: there is no visible net interaction.

In this work, when mixed two metal ions, the ratio gr, mir/ qu, singte is less than 1, which shows a
great competition between both the ions (Ni?* + Cu?) to occupy the active sites (antagonism effect).

4. Conclusions

The aim of this work is to characterize and evaluate the adsorption of Cu* and Ni** from single
and binary systems by Alginate-Moroccan clay bio-composite with the utilization of calcium chloride
as a cross-linking agent, using the ionotropic gelation method. The results of the study demonstrated
that the adsorption process is described by second-order kinetics, and the associated kinetic
parameters were found. The adsorption equilibrium was investigated using a range of mathematical
models, including the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models,
to evaluate the characteristics associated with the adsorption process. The adsorption of Cu? and Ni?*
ions using bio-nanocomposite beads was found to be best described by the Langmuir isotherm out
of all the models. The maximum adsorbed amounts of metal ions by the bio-nanocomposite used
were 370.37 mg/g for Ni>* and 454.54 mg/g for Cu* from single system, for the binary system,
according to the Langmuir isotherm, the maximum adsorbed amounts of Ni** and Cu?* were 357.14
mg/g and 370,37 mg/g, respectively. There is proof that Alginate-Moroccan clay bio-nanocomposites
can serve as a less expensive source of sorbents for the removal of metal ions such as Ni** and Cu?*
from single and binary systems.

According to the results of experiments, the positive values of AH® suggest that the adsorption
is physical and endothermic. The spontaneous nature of the adsorption process is indicated by the
negative value of AG°. Increased unpredictability at the solid/liquid interface during the adsorption
of Cu? and Ni* cations onto the tailored material is shown by positive AS° values. The obtained
results showed that alginate-based bio-nanocomposites have a highly significant adsorption ability
for the removal of Ni** and Cu? cations in aqueous solutions.
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