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Abstract: Increased water pollution due to the tremendous increase of dye-containing effluent is still
a serious problem which, in turn, adversely affects aquatic life and, consequently, the balance of our
ecosystem. The aim of this research was to investigate whether Ca-ALG/MgO/Ag nanocomposite
beads successfully prepared from calcium alginate hydrogels with MgO (Ca-ALG/MgO) doped with
Ag nanoparticles (Ag NPs) caused effective degradation of Direct Red 83 dye. The formation of
nanocomposite beads was confirmed by X-ray diffraction (XRD), Transmission Electron Microscope
(TEM), Dynamic Light Scattering (DLS), and Energy Dispersive X-ray Analysis (EDX). The results
from the EDX analysis proved that both MgO and Ag nanoparticles within the alginate beads
network were present. This study also examines the effects of various operating parameters, such as
the reducing agent, time of reaction, the concentration of the dye solution, and the catalyst dosage,
which were examined and studied carefully to find the optimum degradation conditions. The kinetics
and isothermal study revealed that the degradation process using Ca-ALG/MgO/Ag nanocomposite
beads as a catalyst in the presence of sodium borohydride (NaBH4) as a reducing agent was the best
fit for the pseudo-first-order model and the Temkin isotherm model. The results indicated that the
optimum dosage of Ca-ALG/MgO/Ag was 0.3 g for a dye concentration of 50 mg/L, and equilibrium
of the degradation process was attained at 340 min. Accordingly, it could be stated that the catalyst,
Ca-ALG/MgO/Ag nanocomposite beads, is considered efficient for the degradation of Direct Red
83 dye. The degradation efficiency reached 95% approximately. Furthermore, after four runs of reuse,
Ca-ALG/MgO/Ag nanocomposite beads exhibited excellent performance and long-term stability.

Keywords: alginate; MgO nanoparticles; Ag nanoparticles; catalytic degradation; Ca-ALG/MgO/Ag
nanocomposite

1. Introduction

Several industries, including paper, leather tanning, plastics, cosmetics, rubber, and
textile manufacturing, dump large amounts of colors into wastewater. These complex
organic compounds are a significant source of pollution in the hydrosphere [1]. Organic
dyes are widely utilized in various areas and cause substantial water contamination. The
majority of industrial dyes are carcinogenic, poisonous, and teratogenic. A statistical data
survey estimated that one million tons of such dyes are produced worldwide annually.
Any artificial dye that contains the azo group (-N=N-) can be classified as an azo dye.
Nucleophiles are called auxochromes, while aromatic groups are called chromophores
when describing a dye molecule. The dye molecule is referred to as a chromogen when
its two constituents are combined [2,3]. Because of the severe problem of dye pollution,
several techniques are applied to remove toxic dyes, such as adsorption, coagulation, floc-
culation, membrane filtration, irradiation, concentration, and chemical transformation.
These approaches, however, are costly, which limits their applicability [4]. Due to the
widespread application of dye compounds and their numerous hazardous and toxic deriva-
tives, the cleaning of wastewater by removal of color dyestuff becomes environmentally
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important. In this context, the development of novel, fast, and easy techniques, such
as photo-degradation of methylene blue (MB) and methyl orange (MO) azo dyes from
water [5,6] for the treatment of dye-containing effluents is required.

The removal of dye from the water was studied using a variety of techniques. Physical,
chemical, and biological approaches were among the methods used [7]. Adsorption, coagulation,
and filtering are examples of physical approaches. Ultrasonic power, hydrodynamic cavitational
techniques, sonochemical reactors, sonophotocatalytic degradation, and the photocatalyst pro-
cess are all processes utilized in the degradation of dyes [8,9]. Although adsorption by low-cost
materials is effective for removing dyes, it produces a lot of solid waste [10].

Brown seaweed extracts alginate is a natural polysaccharide. It has several advantages,
including availability, low cost, non-toxicity, biocompatibility, and biodegradability, as well
as its ability to act as an effective bioadsorbent due to carboxylate activities along its chains.
Composite sorbents, such as calcium alginate beads, have recently gotten much interest
since they combine the qualities and benefits of each of their constituents.

With the increased possibilities of innovative products and procedures, progress
in the field of nanotechnology has created a whole new trend in wastewater treatment.
Dendrimers, metal-containing nanoparticles, zeolites, and carbonaceous nanomaterials
are the four types of nanomaterials that are considered particularly important materials in
water treatment. Metal nanoparticles’ ability to customize into numerous morphologies
prompted an increase in their use in various applications [11].

Many studies have been conducted on the combination of calcium alginates with
nanomaterials as metal nanoparticles [12] (Ag, Cu, Au, . . . ) and metal oxides (MgO, ZnO,
and TiO2) [13,14]. Ganjar Fadillah et al. (2019) modified Fe3O4 nanoparticles by supporting
alginate as a natural polymer on the surface of Fe3O4 NPs and using it as a catalyst for
the degradation of methylene blue dye, with the percentage of MB dye removal reaching
over 90% [15]. The researchers focused on incorporating these metal nanoparticles onto the
polymer support because the physicochemical properties of the polymer support, combined
with the chemical properties of the polymer-bound functional groups and the catalytic
efficiency of the metal nanoparticles, provide opportunities for the development of novel
catalysts [11]. The catalytic degradation of dyes into smaller, safer molecules is an effective
method for removing hazardous dyes [16].

The mechanism of dye degradation can occur under visible light due to the tendency of
dyes to absorb some visible light. This mechanism involves dye excitation from the ground
state (Dye) to the triplet excited state (Dye*) under visible light photons (λ > 400 nm). This
excited state dye species is further converted into a semi-oxidized radical cation (Dye+˙) by
electron injection into the conduction band of the nanomaterial. Due to reactions between
these trapped electrons and dissolved oxygen in the system, superoxide radical anions
(O2
−˙) are formed, which, in turn, result in the formation of hydroxyl radicals (OH˙) [17,18].

These OH˙ radicals are primarily responsible for the oxidation of the organic compounds
represented by the equations below.

2O2
−˙ + 2H+ → 2HOO→ H2O2 → 2OH

Dye + •OH→ CO2 + H2O (dye intermediates)

Dye + hγ→ Dye *

Dye* + catalyst→ Dye + + (Catalyst)−

In order to investigate the adsorption processes of the dye on the catalyst surface,
and to quantify the photodegradation activity, kinetic study for various parameters in
different conditions for the degradation process is usually considered. A previous study
conducted by the author et al. [19] has reported that the degradation of basic blue 3 dye over
Ca-ALG/Ag nanocomposite beads followed pseudo-second-order kinetics. Alimard [20]
studied the kinetics of degradation for direct red 81 dye using Nd-Ce doped Fe3O4-chitosan.
The kinetic study revealed that dye degradation obeyed the pseudo-second-order Blanchard
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kinetic model. Amorim et al. [21] found that the degradation of direct red 83 dye by
the photoperoxidation process presented nonlinear pseudo-first-order reaction kinetics.
León et al. [22] investigated the effect of ultrasound on the degradation of acid brown
83 dye using seven different methods and stated that the pseudo-first-order model best
describes the degradation of dye for all methods.

Variation in the sensitivity of the applied nanocomposite catalyst still serves as an
attraction for researchers to study the ability of polymeric nanocomposite toward the
degradation of various types of dyes.

The major goal of this research is to create ionically cross-linked nanobeads composed of
Ca-ALG/MgO/Ag for dye removal by degradation in the presence of NaBH4 as a reducing
agent, which is capable of catalytic degradation at high concentrations of dyes. This is
important as it measures the sensitivity and the ability of such catalysts with regard to
degradation, even in small quantities. The prepared nanobeads were fully characterized by
various techniques, and the formation of MgO and Ag NPs was confirmed and evaluated. It
was observed that the degradation percentage of Direct Red 83 dye using Ca-ALG /MgO/Ag
nanocomposite beads is high. The morphological behavior before and after interactions
was investigated using various parameters such as catalyst amount, equilibrium time,
temperature, and concentration of Direct Red 83 dye solutions at the first stage.

2. Results and Discussions
2.1. DLS and EDX of Prepared Catalyst

EDX was used for elemental identification and for determining the composition of
Ca-ALG/MgO/Ag nanocomposite beads, as shown in Figure 1a. The particle size of
the Ca-ALG/MgO/Ag was determined by using DLS. Results obtained from Figure 1b
revealed that the average particle size was estimated to be 178 nm.
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Figure 1. (a) EDX and (b) DLS diagrams of Ca-ALG/MgO/Ag nanocomposite beads samples.

2.2. TEM and XRD Analysis

Figure 2 illustrates TEM images of Ag NPs and Ca-ALG/MgO/Ag nanocomposite
beads, as well as XRD patterns of Ca-ALG/MgO/Ag nanobeads.

The presence of a sharp diffraction peaks combination related to Ag and MgO nanopar-
ticles appeared at 2 Theta = 32◦, 45◦, and 63◦, which are characteristic of MgO nanoparti-
cles [23,24]. For Ag NPs, XRD demonstrated the peaks at 38.17◦, 44.28◦, 64.5◦, 77.52◦, and
81.62◦, which documented 111, 200, 220, and 311 crystallographic planes of the face-centered
cubic silver crystals according to JCPDS (Card No.: 89-3722) [25,26]. The production of Ag
NPs doped with MgO NPs within the Ca-ALG beads was confirmed by these findings.
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Figure 2. (A) XRD pattern of Ca-ALG/MgO/Ag nanocomposite beads, (B(a)) TEM image of Ag
nanoparticles, and (B(b)) TEM image of Ca-ALG/MgO/Ag nanocomposite beads.

By carrying out the deconvolution of the XRD spectra, it was possible to calculate the
particle size (D) of the MgO/Ag NPs using the Debye–Scherrer Equation.

D =
Kλ

β cos θ
(1)

where D is the particle size, K = 0.89 is the Scherer constant related to crystal shape and
index, λ is the X-ray wavelength (1.5406 Å for Cu Kα), θ is the position of the maximum
diffraction peak, and β is the line broadening at half the maximum intensity (FWHM in
radian). The particles size of MgO/Ag NPs has been found to be around 20 nm.

The TEM is a critical tool for the morphological (size and shape) analysis of nanoma-
terials. Data from TEM images showed the successful formation of spherical particles of
varying sizes that are associated with MgO coupled with Ag NPs with an average particles
size of 12 nm for the Ca-ALG/MgO/Ag nanocomposite beads, as shown in Figure 2B(b),
while Ag NPs were formed with a size of around 9.5 nm (Figure 2B(a)).

2.3. Catalytic Degradation of Direct Red 83 Dye

The reactive Direct Red 83 dye was used as a model to investigate the catalytic activity
of the produced catalyst. The degradation of Direct Red 83 dye using Ca-ALG/MgO/Ag
nanocomposite beads at a pH of about 7 has been investigated under different conditions
such as NaBH4 content, catalyst amount (0.1–0.5 g), and different initial dye concentrations
(10–100 mg/L). The optimization conditions used in the following experiment are 0.3 g
of catalyst, 3 mL of NaBH4, starting dye concentration of 100 mg/L, and a total sample
volume of 30 mL. Figure 3 shows the UV-Vis spectra for the degradation of Direct Red
83 dye employing Ca-ALG/MgO/Ag nanocomposite beads as a catalyst and NaBH4 as
a reducing agent. It was noticed from the degradation, through monitoring the decrease
of the absorbance with time, that, at first, the degradation was slow for up to 60 min, and
then it started to work properly.
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Figure 3. Photo-reduction of Direct Red 83 dye with Ca-ALG/MgO/Ag nanocomposite beads sample
under visible light: (catalyst weight 0.3 g, NaBH4 3 mL, and dye concentration 100 mg/L at λ = 460 nm).

The effect of time on the degradation of Direct Red 83 dye utilizing Ca-ALG/MgO/Ag
nanocomposite beads is shown in Figure 4. According to Figure 4, there is a spontaneous
decrease in the dye absorbance, which is slow in the first 60 min, and then it increases with
time. On the other hand, Figure 4 shows that after 250 min of contact, the degradation
percentage of the Direct Red 83 dye utilizing Ca-ALG/MgO/Ag nanocomposite beads as a
catalyst reached approximately 95%.
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Figure 4. The effect of time on the degradation percentage of Direct Red 83 dye without using a
catalyst and with using 0.3 g of catalyst.

2.3.1. Control Experiment

To evaluate the efficiency of the prepared nanocomposite beads catalyst for the degra-
dation of Direct Red 83 dye, the experiment is conducted in the presence and absence of
the catalyst. Figure 4 shows the effect of time on the degradation percentage of Direct
Red 83 dye with and without using the prepared nanocomposite beads. Figure 4 clearly
demonstrates that the degradation percentage of the Direct Red 83 dye without using the
prepared Ca-ALG/MgO/Ag nanocomposite beads as a catalyst was very small, nearly 20%,
while when the catalyst was added to the degradation reaction, the degradation percentage
dramatically increased and reached nearly 95%. These results prove that the catalyst has a
great influence on the catalytic degradation of Direct Red 83 dye.
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2.3.2. Effect of Catalyst Amount

The standard solution of Direct Red 83 dye 100 mg/L was degraded at 300 min with
varied amounts of Ca-ALG/MgO/Ag nanocomposite beads ranging from 0.1 to 0.5 g. The
catalyst amount was chosen based on the percentage of dye decolorization that occurred
over time. Figure 5 depicts the results of dye degradation at various catalyst amounts. It can
be seen that the degradation percentage increases with an increase in the catalyst amount
until 0.3 gm. However, beyond 0.3 g, there is no change in the degradation of Direct Red 83
dye. Other researchers also found the same characteristics [27,28]. The result in Figure 5
also reveals that the degradation percentage of the dye increases with an increase in the
amount of catalyst Ca-ALG/MgO/Ag nanocomposite beads up to 0.3 g. The increase in
the amount of catalyst in the reaction mixture is accompanied by an enhanced generation
of •OH radicals, which, consequently, increases the rate of degradation. This may be due to
the fact that, initially, the increase in the amount of catalyst increases the number of active
sites on the catalyst surface, which, in turn, increases the number of hydroxyl radicals. After
a certain level of catalyst (0.3 g), the rate of reaction decreases because the dye molecules are
not available for adsorption on active sites of the catalyst. The additional catalyst particles,
therefore, are not involved in the catalytic activity. Hence the rate of degradation does
not increase [29]. Regarding the results obtained, the optimum catalyst amount of 0.3 g at
100 mg/L dye concentration and 3 mL of 1 M NaBH4 showed the highest catalytic degra-
dation of Direct Red 83 dye.
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of Direct Red 83 dye with an initial concentration of 100 mg/L and 3 mL of 1 M NaBH4.

2.3.3. Effect of NaBH4 Content

Figure 6 shows the influence of the reducing agent’s content on the catalytic degra-
dation percentage of Direct Red 83 dye using 0.3 g of Ca-ALG/MgO/Ag nanocomposite
beads as a catalyst and a Direct Red 83 dye concentration of 100 mg/L as the starting
point. As it can be observed, when the amount of 1 M NaBH4 is increased from 3 mL to
5 mL, there is no significant increase in the dye degradation percentage, which leads to the
assumption that the amount of reducing agent does not affect the degradation process.

2.3.4. Effect of Initial Direct Red 83 Dye Concentration

The experiments were carried out by varying the concentrations of standard solutions
of Direct Red 83 dye from 10 to 100 mg/L with 0.3 g of catalyst and 3 mL of NaBH4. The
influence of the initial dye concentration on the catalytic degradation process was observed
at 350 min, as shown in Figure 7. The results show that the degradation percentage
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decreased with an increase in the initial direct dye concentrations. This can be explained
by the fact that the number of •OH radicals formed on the catalyst surface react with
dye molecules on the catalyst surface. The increase in the number of dye molecules in
solution, with a constant NaBH4 concentration and a constant catalyst amount, leads the
catalyst surface to be covered by dye molecules. Therefore, the catalytic efficiency reduces,
resulting in a lesser •OH radical generation on the catalyst surface due to the active sites
of the catalyst being occupied by the dye molecules [29]. The results indicate insignificant
changes in the degradation percentage between 94% and 97% for Ca-ALG/MgO/Ag
nanocomposite beads catalyst at higher concentrations from 50 mg/L to 100 mg/L.
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2.3.5. Expected Mechanism for the Degradation of Direct Red 83 Dye

Hassaan et al. [30] reported that direct red 23 dye biologically degraded to oxalic acid
and formic acid. Furthermore, Rasool et al. [31] studied direct red 80 dye degradation
in the presence of mixed, anaerobic, and sulfate-reducing bacteria culture, wherein the
detected metabolites were identified as aniline and 1, 4 diamine benzene that could be
further degraded to simpler, final products, H2O and CO2. Direct Red 83 dye has a similar
structure, so the degradation products could be similar. Figure 8 represents the expected
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mechanism for the degradation of Direct Red 83 dye under the effect of the catalytic
degradation process using Ca-ALG/MgO/Ag as a catalyst.
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2.3.6. Adsorption Kinetics

The following kinetic equations [32,33] can be used to estimate the varying rates of
dye adsorption. The following equation was used to study pseudo-first-order kinetics for
adsorption [34]:

Pseudo− f irst− order model : ln(qe − qt) = lnqe − k1t (2)

The linear form was used for pseudo-second-order kinetics as follows:

Pseudo− second− order model :
t
qt

=
1

k2qe2 +
t
qe

(3)

where qt (mg/g) is the adsorption capacity at time t (min), qe (mg/g) is the equilibrium
adsorption capacity, and k1 (min−1) and k2 (g mg−1 min−1) are the rate constants for the
pseudo-first-order and pseudo-second-order kinetic models respectively.
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2.3.7. Intra-Particle Diffusion Model

The intra-particle diffusion model (IPD) proposed by Weber and Morris has been
ap-plied in this study to describe the diffusion mechanism of Direct Red 83 dye molecules
into Ca-ALG/MgO/Ag nanocomposite beads as a catalyst [35].

qt=kpt1/2+c (4)

The intra-particle rate constant kp (mg/g min 1/2) is calculated using a linear plot of
qt vs. t1/2, where c is the intercept. Dye molecules can only diffuse within a particle if the
trend lines pass through the origin. Based on the data obtained for the degradation of Direct
Red 83 dye using Ca-ALG/MgO/Ag nanocomposite beads as a catalyst and the constraints
summarized in Table 1 (Figure 9), pseudo-first-order kinetics is the most appropriate model
for the actual degradation processes of direct dye using Ca-ALG/MgO/Ag nanocomposite
beads as a catalyst in the presence of NaBH4. The diffusion mechanism during the degra-
dation process passes through multiple stages, which means that intra-particle diffusion is
not the main controlling step.

Table 1. Kinetic parameters: pseudo-first-order kinetics, pseudo-second-order kinetics, and intra-
particle diffusion model of Direct Red 83 dye degradation.

Polymer Compositions
Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

k R2 k R2 kid R2

Ca-ALG/MgO/Ag nanocomposite beads 0.95 0.94 0.59 0.787 0.77 0.903

Catalysts 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

𝑞𝑡= 𝑘𝑝𝑡1/2  + 𝑐  (4) 

The intra-particle rate constant kp (mg/g min 1/2) is calculated using a linear plot of 

qt vs. t1/2, where c is the intercept. Dye molecules can only diffuse within a particle if the 

trend lines pass through the origin. Based on the data obtained for the degradation of 

Direct Red 83 dye using Ca-ALG/MgO/Ag nanocomposite beads as a catalyst and the con-

straints summarized in Table 1 (Figure 9), pseudo-first-order kinetics is the most appro-

priate model for the actual degradation processes of direct dye using Ca-ALG/MgO/Ag 

nanocomposite beads as a catalyst in the presence of NaBH4. The diffusion mechanism 

during the degradation process passes through multiple stages, which means that intra-

particle diffusion is not the main controlling step. 

 

Figure 9. (a) pseudo-first-order kinetics, (b) pseudo-second-order kinetics, and (c) intra-particle dif-

fusion model of Direct Red 83 dye degradation. 

Table 1. kinetic parameters: pseudo-first-order kinetics, pseudo-second-order kinetics, and intra-

particle diffusion model of Direct Red 83 dye degradation. 

Polymer Compositions 
Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion 

k R2 k R2 kid R2 

Ca-ALG/MgO/Ag nanocomposite 

beads 
0.95 0.94 0.59 0.787 0.77 0.903 

2.3.8. Isotherm Analysis 

Freundlich, Langmuir, and Temkin isotherms were employed to fit the experimental 

data in this research.  

The Freundlich isotherm model can be used for adsorption on heterogeneous sur-

faces and multilayer sorption [35]. This model shows that as the sorption centers of an 

adsorbent are completed, the adsorption energy drops exponentially. The linear form of 

the Freundlich expression is used to derive this isotherm, which is used to represent het-

erogeneous catalyst systems: 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝑓 +
1

𝑛
 𝑙𝑛𝐶𝑒 (5) 

where qe represents the quantity of dye adsorbed at equilibrium time (mg/g), Ce repre-

sents the equilibrium concentration of dye in the solution (mg/L), KF represents the Freun-

dlich constant (L/g) related to the bonding energy, and 1/n represents the heterogeneity 

factor. The slope and intercept of plots ln qe versus ln Ce, respectively, yield the values of 

1/n and Kf. 

Adsorption occurs on a surface with a finite number of identical sites, according to 

the Langmuir isotherm model [36]. This is the most well-known adsorption isotherm, 

Figure 9. (a) pseudo-first-order kinetics, (b) pseudo-second-order kinetics, and (c) intra-particle
diffusion model of Direct Red 83 dye degradation.

2.3.8. Isotherm Analysis

Freundlich, Langmuir, and Temkin isotherms were employed to fit the experimental
data in this research.

The Freundlich isotherm model can be used for adsorption on heterogeneous surfaces
and multilayer sorption [35]. This model shows that as the sorption centers of an adsorbent
are completed, the adsorption energy drops exponentially. The linear form of the Freundlich
expression is used to derive this isotherm, which is used to represent heterogeneous
catalyst systems:

lnqe = lnK f +
1
n

lnCe (5)

where qe represents the quantity of dye adsorbed at equilibrium time (mg/g), Ce represents
the equilibrium concentration of dye in the solution (mg/L), Kf represents the Freundlich
constant (L/g) related to the bonding energy, and 1/n represents the heterogeneity factor. The
slope and intercept of plots ln qe versus ln Ce, respectively, yield the values of 1/n and Kf.



Catalysts 2023, 13, 78 10 of 15

Adsorption occurs on a surface with a finite number of identical sites, according to
the Langmuir isotherm model [36]. This is the most well-known adsorption isotherm,
commonly used to adsorb pollutants from liquid solutions. The linearized form of the
model is given by Equation (6):

Ce

qe
=

1
b Qo

+
1

Qo
Ce (6)

where Ce (mg/L) and qe (mg/g) are the dye’s liquid and solid phase concentrations at
equilibrium. Langmuir isotherm constants are KL (L/g) and aL (L/mg). The intercept
1/bQo and slope (1/Qo) of the linear plot of Ce/qe and Ce are used to obtain the constants
KL and aL. KL/aL defines qmax as the polymer’s maximum adsorption capacity.

The Temkin equation took into account the impact of numerous indirect adsor-
bate/adsorbent interactions on adsorption isotherms and claimed that the heat of ad-
sorption of all molecules in the layer decreases linearly with coverage as a result of those
interactions [37,38]. A consistent distribution of bond energies characterizes adsorption
until a bond energy maximum is reached. The Temkin relationship is expressed in the
linear form as (7):

qe =
RT
bT

ln aT +
RT
bT

ln Ce (7)

where T is the absolute temperature in Kelvin, R is the universal gas constant (8.314 J/mol K),
aT is the Temkin isotherm constant (L/g), and bT is the Temkin constant related to adsorption
heat (kJ/mol). The slope and intercept of the linear plot of qe vs. ln Ce are used to determine
the Temkin constants aT and (RT/bT)”. Figure 10 summarizes the various isothermal relation
for the degradation process of Direct Red 83 dye using Ca-ALG/MgO/Ag nanocomposite
beads and Table 2 provides the various isothermal models parameters.
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Figure 10. (a) Langmuir isotherm model, (b) Freundlich isotherm model, and (c) Temkin isotherm of
Ca-ALG/MgO/Ag nanocomposite beads.

Table 2. Langmuir isotherm model, Freundlich isotherm model, and Temkin isotherm of Ca-
ALG/MgO/Ag nanocomposite beads.

Sample

Adsorption Isotherm

Langmuir Isotherm Model Freundlich Isotherm Model Temkin Isotherm

b R2 1/n kf R2 Kt R2

Ca-ALG/MgO/Ag 0.75 0.746 0.91 0.91 0.862 0.75 1
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Analyzing the data for the isothermal behavior of the degradation of Direct Red
83 dye employing Ca-ALG/MgO/Ag nanocomposite beads as a catalyst gives rise to the
conclusion that the best fit for the data is Temkin isotherm, where the R2 value reached
unity, indicating that the reaction is energetically favorable and spontaneous.

3. The Reusability Test of Ca-ALG/MgO/Ag Nanocomposite Beads

The reusability test of the prepared Ca-ALG/MgO/Ag nanocomposite beads as a
catalyst for the degradation of Direct Red 83 dye was conducted through continuous
four-run recycle under conditions (temperature, 30 ◦C; reaction time, 48 h; natural pH;
catalyst dosage, 0.3 g; initial concentration of dye, 50 mg/L). Figure 11 clearly shows
that the degradation percentage of Direct Red 83 dye after four-run recycle decreased to
90% only. The result proved that Ca-ALG/MgO/Ag nanocomposite beads have excellent
performance and long-term stability.
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Direct Red 83 dye in four consecutive cycles.

4. Materials and Methods
4.1. Materials

Alginic acid sodium salt with medium viscosity (NaAlG) was purchased from Sigma-
Aldrich (Gillingham, Dorset, UK); calcium chloride dihydrate (CaCl2.2H2O) from Algo-
mhoria Co. (Cairo, Egypt); silver nitrate (AgNO3) and magnesium sulfate (MgSO4) from
Acros (Thermo Fisher Scientific, Geel, Belgium); and sodium hydroxide (NaOH) (0.5 M)
and sodium borohydride (NaBH4) from ADWIC Co. Cairo, Egypt. All materials were
purchased at analytical grade and were used as received with double distilled water
throughout the study.

4.2. Dye Materials

Sinopharm Chemical Reagent Co. Ltd, Shanghai, China provided the Direct Red 83
dye (analytically pure). The stock solution was made by dissolving a precise amount of
dye in deionized water at a concentration of 100 mg/L. Diluting the dye stock solution to a
concentration of 20 mg/L yielded the working solutions. The pH variation during the course
of the reaction was not significant, so the solutions were prepared at a pH of around 7.

4.3. Preparation of Metal Oxide Nanodispersion

MgSO4 is used as a precursor for the preparation of MgO nanoparticle dispersions by
the co-precipitation method using NaOH. A solution of 1% wt/v of MgSO4 was prepared,
and 150 mL of it was vigorously stirred on a magnetic stirrer, following which 200 mL of 1 M
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NaOH was added, drop by drop, very slowly, until a milky-white suspension was formed.
The formed dispersion was left to settle down, and the excess volume of supernatant was
decanted very slowly. The milky-white suspension was washed and distilled by adding an
excess of distilled water, following which it was decanted several times to remove excess
NaOH, and, subsequently, the MgO dispersion volume was completed to 100 mL with
distilled water. After this, the prepared nanoparticle dispersions were placed in a carefully
sealed bottle for further use and characterization.

4.4. Preparation of Ca-ALG/MgO Nanobeads

The amount of 10% wt/v of MgO nanodispersion was added in beakers containing a
suitable volume of alginate solution at a concentration of 3% wt/v prepared by dissolving
3 g in 100 mL of distilled water, and magnetic stirring was used to thoroughly combine
the ingredients until they became completely homogenous. The ALG/MgO (90/10) (v/v)
mixtures were dropped carefully into a solution of CaCl2.2H2O (concentrations 3% wt/v)
under magnetic stirring using a 5 mL syringe. Nanobeads formed instantly, and finally,
they were rinsed gently with distilled water and dried at room temperature.

4.5. Preparation of Silver Containing Ca-Alginate/MgO Nanocomposite Beads

The nanobeads from the previous stage were soaked overnight in a beaker containing
50 mL of AgNO3 solution (1 M). The beaker was covered with an aluminum foil and left
overnight to entrap Ag+ ions. After that, the beads were removed, washed carefully, and
then transferred to a beaker containing 50 mL of 0.5 M NaBH4 as a reducing agent for
2 h to reduce the entrapped Ag+ ions to Ag NPs. The beads instantly turned black, which
indicated the formation of Ag NPs. Subsequently, the Ca-Alginate/MgO/Ag nanocompos-
ite beads were removed, washed, and dried. Figure 12 illustrates the preparation steps of
Ca-Alginate/MgO/Ag nanocomposite beads supported with digital photos.
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4.6. The Catalytic Degradation of Direct Red 83 Dye

The degradation of Direct Red 83 dye was carried out at 30 ◦C. In this experiment,
30 mL of aqueous Direct Red 83 dye solution (100 mg/L) was added to a beaker containing
0.3 g of Ca-ALG/MgO/Ag nanocomposite beads (used as a catalyst) and stirred for
30 min, after which 3 mL of 1 M NaBH4 was added, and the dye solution’s absorbance was
measured using a UV-Vis spectroscope over the 300 nm wavelength. The reaction mixture
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was then continuously stirred with a magnetic stirrer for the whole reaction time. The
extent of dye degradation was calculated using the relation:

Degradation% =
Ao − At

Ao
× 100 (8)

where Ao is the initial absorbance of the dye solution and At is the absorbance at different
time intervals.

4.7. Effect of Different Parameters on Catalytic Degradation of Direct Red 83 Dye
4.7.1. Effect of Catalyst Amount

The standard solution of Direct Red 83 dye (100 mg/L) was degraded at 300 min with
varied amounts of Ca-ALG/MgO/Ag nanocomposite beads (0.1, 0.3, 0.5 g) at 30 ◦C, 3 mL
of NaBH4.

4.7.2. Effect of NaBH4 Content

The influence of the reducing agent’s content on the catalytic degradation percent was
studied from 3 to 5 mL at 30 ◦C using 0.3 g of Ca-ALG/MgO/Ag nanocomposite beads as
a catalyst and a Direct Red 83 dye concentration of 100 mg/L.

4.7.3. Effect of Initial Direct Red 83 Dye Concentration

The experiments were carried out by varying the concentrations of standard solutions
of Direct Red 83 dye from 10 to 100 mg/L with 0.3 g of catalyst and 3 mL of NaBH4.

4.8. Kinetic Studies

Adsorption kinetic experiments were carried out using a shaker water bath. The
entire dye solution was prepared with distilled water. Kinetic experiments were carried
out by agitating a 50 mL solution of a constant dye concentration (100 mg/L with 0.3 g of
Ca-ALG/MgO/Ag nanocomposite beads at a constant agitation speed, 30 ◦C, and pH of
around 7. Agitation was made for 340 min at a constant stirring speed of 120 rpm. Next,
2 mL samples were drawn at suitable time intervals. The samples were then centrifuged
for 15 min at 5000 rpm, and the left-out concentration in the supernatant solution was
analyzed using UV–Vis spectrophotometer (Starna Scientific Ltd., Hainault, Essex, UK)
by monitoring the absorbance changes at a wavelength of maximum absorbance. Each
experiment continued until equilibrium conditions were reached at 340 min when no
further decrease in the dye concentration was measured. Calibration curves were plotted
between absorbance and concentration of the dye solution.

4.9. Characterizations

Using a Bruker Vertex 70 FTIR spectrometer made in Bremen, Germany, IR spec-
troscopy was applied between 4000–400 cm−1 at a tenacity of 4 cm−1. XRD investigations
were carried out on an Ultima IV (Rigaku International Corp., Tokyo, Japan) with Cu-Kα

radiation of λ = 1.54 Å in the 2θ range from 5◦ to 80◦. TEM was performed for the determi-
nation of the particle size in the nanocomposite beads on a JEOL JEM-100CX made in Tokyo,
Japan. The particle distribution of Ca-ALG/MgO/Ag nanocomposite was estimated by
DLS (DLS-ZP/Particle Sizer Nicomp 380ZLS, made in Chandler, AZ, USA). EDX analysis of
Ca-ALG/MgO/Ag nanocomposite was performed using a field emission scanning electron
microscope (FEI Nova NanoSEM 650) made in Riga, Latvia.

5. Conclusions

The catalytic performance of Ca-ALG/MgO/Ag nanocomposite beads for the reduction
of Direct Red 83 dye was investigated using NaBH4 as a reducing agent. Different amounts of
the prepared catalyst in the range of 0.1–0.5 were employed to study the effect of the catalyst
amount on the degradation rate. The control experiment proved that the maximum rate of
degradation was observed when the amount of catalyst was 0.3 g, and that this amount was
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sufficient to degrade 50 mL of dye solution at a concentration of 100 mg/L. Additionally, the
relation between the degradation rate and NaBH4 concentration was investigated. The results
showed that there was no significant increase in the dye degradation percentage, assuming
that the amount of reducing agent does not affect the degradation process. After 300 min
of adding NaBH4 to an aqueous solution of Direct Red 83 dye in the presence of catalytic
beads, the color of the solution changed from red to colorless. The adsorption isotherms were
evaluated using the Langmuir, Freundlich, and Temkin isotherm models. The adsorption
process was best described by the Temkin isotherm with R2 of 1. Furthermore, kinetics study
revealed that the degradation process using Ca-ALG/MgO/Ag nanocomposite beads was
the best fit for the pseudo-first-order model. Moreover, Ca-ALG/MgO/Ag was found to
exhibit excellent long-term stability. This excellent catalytic activity and stability suggest that
Ca-ALG/MgO/Ag nanocomposite beads can be a potential candidate for the treatment of
industrially discharged wastewater.
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