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A B S T R A C T   

Recently, there has been an increasing interest in environmentally friendly methods for the removal of toxic dyes 
to enable sustainable textile dyeing processes. In this study, a highly efficient, non-toxic, low-cost MgO particles 
were prepared by sol-gel technique and utilized for the removal of Reactive Red 21 azo dye by adsorption 
process. The prepared MgO particles were characterized by Scanning Electron Microscopy, Fourier Transform 
Infrared Spectroscopy, X-Ray Diffraction, and Particle Size Analysis. The batch adsorption studies were per
formed for optimizing the parameters affecting adsorption. The adsorption behavior of Reactive Red 21 was 
accurately characterized by the Langmuir model. The adsorption process was found to be thermodynamically 
spontaneous at room temperatures as indicated by the negative Gibbs free energy change (ΔG) value of − 30.65 
kj/mol. The kinetic studies indicate that the pseudo-second-order model provides a good fit to the adsorption of 
Reactive Red 21. The adsorption capacity of the prepared MgO particles for Reactive Red 21 was determined to 
be 355 mg/g at room temperature over a wide pH range of 5–9, with a contact time of 20 min. The regeneration 
of dye-adsorbed MgO particles was conducted at 500 ◦C for 2 h. The regenerated MgO particles were then 
utilized for adsorbing Reactive Red 21 five times with a sufficiently high dye removal efficiency. The prepared 
MgO particles provided a 98 % dye removal in real textile wastewater containing Reactive Red 21 dye.   

1. Introduction 

Many chemical substances, including dyes and heavy metals, are 
released into our environment from various industrial sectors, causing 
many health problems [1–7]. Azo dyes have global applications in 
several industries, including textiles, leather, printing, food, cosmetics, 
and pharmaceuticals [8,9]. These dyes, which are among the most 
commonly used, have more than 3000 different varieties and make up 
over 60 % of the total amount of dyes used worldwide. Azo dyes are 
synthetic dyes named after the azo group (-N = N-) in their molecular 
structure [10]. Although they are popular in different industrial fields, 
they are known to have harmful effects on the environment and living 
organisms. Therefore, water pollution caused by textile waste, which 
has negative effects on the ecosystem, is a serious concern. In textile 
dyeing processes, since the entire dye cannot be absorbed by the fiber or 
fabric, wastewater from dyeing and subsequent washing contains high 
amounts of dye. Direct release of this wastewater into the environment 
leads to significant environmental issues. Amines, which are degrada
tion products of azo dyes, create toxic effects in aquatic environments 

[10,11]. Due to easy contact with living organisms and rapid absorption 
through the skin, azo dyes pose significant health risks. In addition to 
allergic effects, mutagenic and carcinogenic effects are also possible 
[12–14]. Furthermore, wastewater containing azo dyes and their me
tabolites from various industries prevents penetration of sunlight into 
water bodies, which also reduces photosynthetic activity [15,16]. It is 
clear that the reactive dyes containing azo groups can result in similar 
environmental and public health concerns. Some reactive dyes con
taining azo groups, which are commonly used in the textile industry, 
have been found to bind to proteins or enzymes, causing abnormalities 
in body functions and inhibiting the function of human serum albumin 
[17,18]. 

Various physical, chemical, and biological methods are applied for 
the removal of dyes in textile wastewater. These include coagulation- 
flocculation, filtration, adsorption, ozonation, oxidation, electrolysis, 
and bioremediation. Each method has its own advantages and disad
vantages depending on the industry where it will be applied [8,19,20]. 
Adsorption has emerged as a popular and effective method for removing 
contaminants from wastewater, owing to its high efficiency, low 
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operational cost, and versatility. To this end, various natural and syn
thetic adsorbents have been developed and applied for the removal of 
various pollutants, including textile dyes. Since adsorption takes place 
on the surface of adsorbent particles, a high surface area of an adsorbent 
leads to a high adsorption capacity. With this idea in mind, the synthesis 
and use of nanoparticles in adsorption processes have become increas
ingly important in recent years. For this purpose, nano fibers [21], 
composite nanofibers [22], metal oxides and metal oxide nano com
posites [23], magnetic nano composites [24] have been synthesized and 
successfully applied in the adsorption processes of certain dyes. 

Although the adsorption capacity is inversely proportional to the 
particle size, the practicality of filtration in industrial-scale adsorption 
processes should also be considered when using nanoparticles. In such 
cases, adsorbents with particle sizes at the micro level, which do not 
pose issues in practical applications and have an acceptable adsorption 
capacity, can be preferred. The selection of appropriate adsorbent ma
terials is crucial for achieving high adsorption capacity, selectivity, and 
stability. Additionally, the understanding of the underlying adsorption 
mechanisms and the optimization of process parameters are essential for 
the successful application of adsorption in wastewater treatment [25]. 

In recent years, the synthesis and use of eco-friendly adsorbents have 
gained significant importance. Magnesium oxide (MgO) is noteworthy 
as an adsorbent that is non-toxic to human health, easy to synthesize, 
and inexpensive [25–30]. 

In this study, environmentally friendly, low-cost magnesium oxide 
was prepared by a simple sol-gel method. MgO microparticles were 
utilized for the first time for removal of Reactive Red 21 azo dye and 
investigated its performance in real textile effluent. The synthesized 
adsorbent was characterized by SEM-EDS (Scanning Electron Micro
scopy – Energy Dispersive Spectrometry), FTIR (Fourier Transform 
Infrared) spectroscopy, X-Ray Diffraction (XRD) and particle size dis
tribution analysis. The effects of parameters such as pH, contact time, 
and dye concentration on adsorption were investigated, and the 
maximum adsorption capacity was determined. In addition, adsorption 
isotherms and kinetic studies were conducted, and the thermodynamic 
evaluation of the adsorption process was performed. Regeneration and 
reuse studies of adsorbent were also performed. 

2. Materials and methods 

2.1. Materials and instrumentation 

Magnesium chloride hexahydrate (MgCl2.6H2O), sodium hydroxide 
(NaOH), absolute ethanol (C2H5OH) and hydrochloric acid (HCl) were 
obtained from Merck. Reactive Red 21 was purchased from Remazol (as 
Brilliant Red BB). Distilled water was obtained from GFL 2004, for pH 
adjustment Henna pH meter, for mass measurements Precisa XB220 
model balance were used. Hettich EBA 21 centrifuge was used for sep
aration of solids from solutions. Shimadzu UV240 was used for absor
bance measurements. SEM images and elemental composition of 

adsorbent were obtained by Thermo Scientific Axia ChemiSEM. FTIR 
spectrums were taken using Perkin Elmer Spectrum100 FTIR with 
Attenuated Total Reflectance (ATR) spectrophotometer. Malvern Mas
tersizer 3000 was used for particle size analysis. XRD analyses were 
performed on a Rigaku vertical diffractometer equipped with Cu Kα 
radiation. IKA C-MAG HS7 magnetic stirrer with ETS-D5 contact ther
mometer was used for preparation of adsorbent and adsorption studies. 
Binder oven and Lenton CAL 8000 furnace were use for thermal studies. 

2.2. Preparation of magnesium oxide particles 

Magnesium oxide (MgO) particles are generally prepared by sol-gel 
or hydrothermal technique [30–35]. In this study MgO particles 
sol-gel technique was carried out. 0.250 mol of MgCl2.6H2O was dis
solved with distilled water in 1 L reaction flask then kept at 70 ◦C for 30 
min. Equivalent amount of NaOH solution was added dropwise to 
MgCl2.6H2O solution with stirring vigorously at same temperature. 
After the addition of NaOH solution is completed, the white Mg(OH)2 
suspension, first was kept on the heater for 2 h and then kept at room 
temperature overnight (reaction 1). Mg(OH)2 gel was separated by 
centrifuge at 5000 rpm for 5 min then washed three times with distilled 
water and 30 mL of absolute ethanol at once thereafter dried at 70 ◦C 
overnight. White Mg(OH)2 powder was calcinated at 260 ◦C for 1 h, at 
350 ◦C for 2 h and finally at 435 ◦C for 3 h in the air atmosphere to obtain 
MgO particles (reaction 2). Preparation procedure was given in Fig. S1. 

MgCl2 + 2NaOH→Mg(OH)2 + 2NaCl (1)  

Mg(OH)2→
Δ MgO+H2O (2)  

2.3. Adsorption studies 

Chemical structure and absorption spectrum of Reactive Red 21 
(RR21) were given in Fig. S2. Dye adsorption studies with prepared MgO 
particles were conducted in batch mode with magnetic stirrer. The ex
periments were conducted at room temperature using 50 mL of varying 
concentrations of RR21 solutions and different quantities of adsorbent. 
The parameters affecting adsorption such as pH, dye concentration, and 
contact time were optimized. Dilute HCl and NaOH solutions were used 
for pH adjustments. In all experiments, the adsorbent and the solution 
were separated by centrifuging at 4000 rpm for 5 min, and the absor
bances of the supernatant were measured with a UV-Vis spectropho
tometer at λ = 510 nm. 

Adsorption isotherm experiments were conducted at ambient tem
perature with dye solutions of various concentrations for a duration of 
70 min. Adsorption process thermodynamics was evaluated by calcu
lating Gibbs Free Energy change. Adsorption capacity of prepared MgO 
particles (qe, mg/g) for RR21 was determined by the Eq. (3); where C0 
and Ce (mg/L) are initial and equilibrium dye concentration respec
tively, V (mL) is the volume of dye solution and m (g) mass of adsorbent 

Fig. 1. SEM images of MgO particles.  
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(MgO). 

qe =
V.(Co − Ce)

1000.m
(3)  

3. Results and discussions 

3.1. Characterization of MgO particles 

MgO is an eco-friendly adsorbent, and it can be prepared different 
magnesium salts such as, chloride, sulfate, nitrate, acetate, or magne
sium containing minerals. The use of different magnesium salts in the 
preparation of MgO leads to variations in the crystalline structure, 
particle size and therefore the specific surface area of the resulting MgO 
particles [36–40]. While particle sizes are generally desired to be in the 
nanoscale range, sometimes micro-sized particles may be more advan
tageous due to potential filtration or separation difficulties. In this study 
MgO, was prepared by sol-gel method using magnesium chloride and 
sodium hydroxide and obtained MgO particles were characterized by 
SEM-EDS, FTIR and particle size analysis. 

MgO particles were prepared for SEM analysis by freeze fracturing 
and coated by gold approximately thickness of 300 Å. In this study, 
colored SEM technique was used. The colored SEM technique allows not 
only the definition of particle size and morphology but also an under
standing of the qualitative components of the analyzed particles. The 
analyzed particles are colorized by a computer software based on the 
atoms they contain. The SEM images presented in Fig. 1. The SEM im
ages show that the MgO particles agglomerated into needle-shaped 
crystals, and the agglomerated particles were approximately 10 µm in 
size. The colored SEM image presented in Fig. S3, and the elemental 
analysis results are given in Fig. S4 and in Table 1. The results indicate 
that the main components of the particles are Mg and O, and that they 
are highly pure. 

To define particle size distribution and specific surface area of pre
pared MgO particles, particle size analysis was performed by dispersing 
the particles in water. According to results, the particle sizes were Dv 
(10) 2.22 µm, Dv(50) 8.72 µm and Dv(90) 57.9 µm in average, respec
tively. The specific surface area of MgO particles was determined to be 

1164 m2/kg. 
XRD measurements were conducted using Cu-Kα radiation 

(λ = 1.5406 Å) with a step size of 0.02◦ (2θ), at 2-second intervals, and 
under operating conditions of 40 mA and 20 kV. Fig. 2 displays the 
diffractogram of MgO, revealing diffraction lines specific to cubic 
structure of MgO (Periclase, JCPDS 01-074-1225). The XRD patterns 
demonstrate prominent diffraction peaks of MgO at 2θ values of 37.06, 
43.04, 62.26, 74.46, 78.60, 94.00 correspond to the crystal lattice planes 
of (111), (200), (220), (311), (222), (400) respectively. The observed 
diffraction patterns indicate that the adsorbent possesses a high level of 
crystallinity. Similar findings have been reported in previous studies 
[41,42]. 

XRD analysis of the colored particles obtained after the adsorption 
process was also conducted, and the results are presented in Fig. S5. 
According to the XRD pattern of the colored particles, it was concluded 
that the MgO particles hydrolyzed to Mg(OH)2 [43], and this result was 
found to be consistent with the FTIR spectrum (Fig. 11a) of the colored 
particles. Additionally, XRD analyses were performed on the particles 
obtained through thermochemical regeneration of the colored particles, 
and the results are presented in Fig. S6. The XRD pattern provided in 
Fig. S6 indicates the reformation of MgO particles after regeneration. 

MgO particle can be identify and characterize by FTIR spectroscopy 
[37,41–45]. FTIR spectra of Mg(OH)2 and MgO obtained while synthe
sizing MgO were taken in the range of 4000–400 cm− 1 wavenumbers 
and are given in Fig. 3. The sharp peak at 3700 cm− 1 shows the OH band 
in Mg(OH)2 obtained in the first step of the reaction. This peak dis
appeared in the spectrum of MgO as expected. Mg(OH)2 and CO2 
adsorbed on the MgO surface cause the formation of carbonate species 
on the surface, which is observed in the spectrum as a weak peak at 
1400 cm− 1. The shoulder at 695 cm− 1 is due to Mg-O stretching vibra
tion [37,44,46–48]. 

3.2. pH point of zero charge 

The charge of the adsorbent surface is an important parameter for the 
types of species to be adsorbed. The surface charge of an adsorbent is 
dependent on the acidity of the solution. The surface charge can be 
predicted by the pH point of zero charge (pHPZC) value of adsorbent. If 
the pH < pHPZC then the surface of adsorbent will be positively charged 
if pH < pHPZC than it will be negatively charged. When pH=pHPZC, the 
net surface charge is zero [49–52]. To determine pHPZC value of pre
pared MgO particles, 0.1 M NaCl solutions have been prepared in the 
range of pH 2 – 12. 0.1 g of MgO was added to 25 mL of NaCl solutions at 
each pH value. The mixture was stirred at constant stirring rates for 
24 h, and then the final pH values were measured and the variation 
between the ΔpH and initial pH was plotted, and the pHPZC value was 
found to be 10.6 (Fig S7). According to the pHPZC value, it is understood 
that the high adsorption capacity within a wide pH range up to pH 9 is 
due to the positively charged surface of the adsorbent. On the other 
hand, it is observed that the adsorption capacity of RR21, which is an 

Table 1 
Elementel analysis result of MgO particles.  

Element Atomic % Weight % 

C  6.1  3.9 
O  57.1  48.5 
Mg  36.4  47.0 
Si  0.3  0.4 
Cl  0.1  0.2  

Fig. 2. XRD pattern of prepared MgO particles.  

Fig. 3. FTIR spectrum of Mg(OH)2 and MgO particles.  
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anionic dye, decreases after pH 10, and this decrease is attributed to the 
adsorbent surface becoming negatively charged. 

3.3. Effect of initial pH on adsorption efficiency 

The effect of pH on the adsorption efficiency of RR21 on MgO par
ticles was investigated using in the range of 2–11 initial pH with 0.05 g/ 
50 mL adsorbent dose. Since magnesium oxide has a basic character, the 
initial pH of RR21 solutions becomes basic shortly after even if the initial 
pH is acidic. In acidic conditions, some magnesium oxide undergoes 
hydrolysis and is converted to Mg(OH)2, which explains why the final 
pH is basic and why the particles do not dissolve. Nonetheless, this does 
not result in significant losses in the adsorption capacity. However, as 
the solution becomes more acidic (below pH 5), -OSO3

- groups of reac
tive red 21 probably protonated and become positively charged [53], 
leading to a decrease in the adsorption capacity. However, this does not 
cause significant losses in the adsorption capacity [41,54]. The depen
dence of adsorption capacity on pH was shown in Fig. 4. According to 
the Fig. 4, the maximum adsorption capacity is reached about neutral 
pH. 

3.4. Effect of contact time on adsorption efficiency 

In adsorption processes, the adsorbent and adsorbate must be stirred 
for a period of time until the adsorption equilibrium is established. Once 
the adsorption process begins, the adsorbate covers the active surface of 
the adsorbent, leading to a point where no further adsorption occurs. As 
a result, the adsorption capacity levels off over time, leading to a plateau 
in the adsorption capacity vs. time graphs. To determine optimum 
contact time of adsorption of RR21, experiments were conducted with 
0.05 g/50 mL adsorbent dose in the range of 5 – 70 min at pH 7. The 
adsorption capacity of MgO particles remained constant after 20 min 

and the data shown in Fig. 5. 

3.5. Adsorbent dose 

The optimum amounts of adsorbent required for the adsorption of 
RR21 was determined by conducting experiments using various 
amounts of adsorbent in the range of 10–100 mg, with 50 mL of 
100 mg/L dye solutions. Fig. 6 presents the data obtained from these 
experiments, indicating that the optimal amount of adsorbent for RR21 
solution was 40 mg. The determined amount of adsorbent was then used 
for subsequent experiments. 

3.6. Effect of RR21 concentration on adsorption 

To determine adsorption capacity of prepared MgO particles for 
RR21, the adsorption experiments were carried out RR21 solutions in 
the range of 50 – 1000 mg/L at pH 7 for 20 min. Fig. 7 presents a rapid 
increase in adsorption capacity with increasing RR21 concentration, 
however after 400 mg/L a slowing down in the increase of adsorption 
capacity was observed and saturation in the adsorbent was reached after 
750 mg/L. According to the data shown in Fig. 6, the maximum 
adsorption capacity of prepared MgO particles was determined as 
355.33 mg/g for RR21. 

Fig. 4. Effect of initial pH on adsorption of RR21.  

Fig. 5. Effect of contact time for the adsorption of RR21 by MgO particles.  

Fig. 6. Optimum MgO dose for adsorption of RR21.  

Fig. 7. The change in adsorption capacity according to initial RR21 
concentration. 
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3.7. Adsorption isotherms 

Adsorption isotherms are a valuable tool utilized for investigating 
the interactions between adsorbents and adsorbates. They provide 
essential insights regarding the nature of these interactions, the 
maximum amount of adsorbate that can be adsorbed, and the thermo
dynamic properties of the system. 

A common way to represent adsorption isotherms is by plotting the 
amount of adsorbate that has been adsorbed against the equilibrium 
concentration of the adsorbate in the liquid phase. The shape of the 
resulting curve can give important information about the interactions 
between the adsorbate and adsorbent. 

The Eq. (4) is commonly used to express the Langmuir isotherm, 
which is a model frequently employed to describe adsorption on ho
mogeneous surfaces that covered by a monolayer of adsorbate [41, 

54–56]. 

Ce

qe
=

1
qmaxKL

+
Ce

qmax
(4)  

Where Ce (mg/L), qe (mg/g) and qmax are the equilibrium concentration, 
adsorption capacity at equilibrium and maximum adsorption capacity of 
the adsorbate respectively, KL is the Langmuir constant. 

The Freundlich isotherm is a theoretical model used to describe 
adsorption on a heterogeneous surface, where the adsorbate molecules 
do not form a monolayer on the surface. The Eq. (5) used to express the 
Freundlich isotherm is as follows [57,58]: 

lnqe = lnKf +
ln Ce

n
(5)  

Where n and Kf are empirical constants. 
The Temkin isotherm model (Eq. (6)) predicts a uniform binding 

energy as evidenced by the linear decrease in adsorption heat for all 
molecule and the Dubinin-Radushkevich isotherm model is based on the 
concept of the potential variation on a non-uniform adsorbent surface 
and is expressed by Eq. 7. 

qe = BT(lnCe + lnKT) (6)  

lnqe = lnqmax − KDRε2 (7)  

Where BT and KT (L/g) are Temkin and equilibrium binding constants 
respectively. A positive value of BT represents an endothermic adsorp
tion. On the other hand, KDR is the Dubinin-Radushkevich constant and ε 
is Polanyi potential [57]. 

From the Dubinin-Radushkevich isotherm data, the average 

Fig. 8. Adsorption isotherm models of RR21 (a) Freundlich (b) Langmuir (c) Temkin (d) Dubinin-Radushkevich.  

Table 2 
Adsorption isotherms data.  

Isotherm model and Parameters Isotherm model and Parameters 

Langmuir qmax (mg/g) 384.62 Temkin BT 41.354  
KL (L.mg) 0.2857 KT (L/ 

mg) 
65.60 

R2 0.9995 R2 0.8061 
Freundlich 1/n 0.5919 Dubinin- 

Radushkevich 
qmax 

(mg/g) 
342.17 

Kf ((mg/g) 
(L/mg)1/n) 

2.783 KDR 

(mol2/ 
J2) 

4 × 10− 7 

R2 0.6567 R2 0.9145     
E (kJ/ 
mol) 

1.118  
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adsorption energy can be calculated as follows: 

E =
1
̅̅̅̅̅̅̅̅̅̅̅
2KDR

√ (8) 

The adsorption process can be categorized based on the average 
adsorption energy (E). E values less than 8 kj/mol indicate physical 
adsorption, E values between 8 and 16 kj/mol indicate ion exchange, 
and E values between 20 and 40 kj/mol indicate chemical adsorption. 

The adsorption characteristics of RR21 onto MgO particles were 
studied by performing adsorption isotherm experiments at room tem
perature and neutral pH using dye concentrations ranging from 25 to 
1000 mg/L and the plots and the data were given in Fig. 8 and in  
Table 2. 

Based on the experimental data, it was found that the adsorption 
behavior of RR21 can be accurately represented by the Langmuir model, 
with high correlation coefficient. This suggests that a single-layer 
chemical adsorption process occurred, indicating the presence of ho
mogeneous adsorption sites on the adsorbent. The Dubinin- 
Radushkevich data also revealed positive E values, and when consid
ering the Temkin constants (BT), it can be concluded that the adsorption 
process for RR21 can be described as endothermic physical adsorption 
[59,60]. 

The Gibbs energy change (ΔG) of adsorption was calculated by Eq. 
(9) to evaluate the spontaneity of the adsorption process and negative 
value of ΔG represents that the process is spontaneous. The ΔG value for 
adsorption of RR21 onto MgO particles was found to be − 30.65 kj/mol 
which indicates spontaneous adsorption at room temperatures.  

ΔG= - R⋅T⋅lnKL                                                                              (9) 

Where ΔG (kj/mol) is the Gibbs free energy change, R (8.314 J/mol. 
K) is the constant, T is the temperature in Kelvin and KL (L/mol) is the 
Langmuir constant. 

3.8. Adsorption kinetics 

Adsorption kinetics refers to the study of the rate at which a sub
stance is adsorbed onto a surface. Kinetic models, such as the pseudo- 
first-order and pseudo-second-order models, which are given by Eqs. 
(10) and (11) respectively, are often used to describe the adsorption 
process and determine the rate constants [61]. 

log(qe − qt) = log qe −
t

2.303
k1 (10)  

t
qt

=
1

k2q2
e
+

t
qe

(11)  

Where k1 and k2 (1/min.) are the reaction constants of pseudo-first and 
second order models respectively and qt (mg/g) is the adsorption ca
pacity at particular time. 

Experimental data was given in Table 3 and Fig. 9. The data show 
that the pseudo-second-order model is the suitable kinetic model to 
describe the adsorption of RR21 onto MgO particles. 

3.9. Adsorption mechanism 

The adsorption process occurring on the adsorbent surface can be 
referred to as chemical adsorption if it results from strong interactions 
between the adsorbate and adsorbent, or as physical adsorption if it 
occurs due to relatively weak interactions. The primary interactions 
involved in the adsorption process typically include electrostatic in
teractions, dipole-dipole interactions, hydrogen bonding, and ion ex
change [60,61]. Proposed mechanism for adsorption of RR21 onto MgO 
particles was given in Fig. 10. The Reactive Red 21 dye molecule pos
sesses -OSO3

- groups and heteroatoms such as O and N with unshared 

Table 3 
Parameters of the kinetic model for the adsorption process of RR21 onto MgO.   

qe (exp) 

(mg/g) 
qe (cal) 

(mg/g) 
k1, k2 

(1/min.) 
R2 

Pseudo-first-order model  357.23  69.73 5.85 × 10− 2  0.9799 
Pseudo-second-order model  357.14 2.13 × 10− 3  1.0000  

Fig. 9. Kinetic models of adsorption (a) Pseudo-first-order (b) Pseudo-second-order.  

Fig. 10. Proposed adsorption mechanism of RR21 onto MgO particles.  
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electron pairs. Therefore, in the adsorption process, it is considered to 
undergo ion exchange with the positive ions in MgO and also exhibit 
electrostatic interactions with other heteroatoms within the dye 
molecule. 

3.10. Reuse of adsorbent 

The reusability of adsorbent is the one of important issue for 
adsorption studies. After adsorption process, most of the time, the 
adsorbent it becomes a hazardous material with concentrated pollut
ants. MgO particles used in dye adsorption can be regenerated by 
thermochemical method [16,42,62]. 

In this study, thermochemical regeneration of MgO particles has 
been carried out in two steps. First, colored (dye-adsorbed) particles 
were dried at 70 ◦C for 2 h. Then dried colored MgO particles were re
generated at 500 ◦C in muffle furnace. Regeneration time was varied in 
the range of 10 – 120 min and to confirm the completion of the regen
eration, FTIR spectra were taken and given in Fig. 11. From the FTIR 
spectra presented in Fig. 11, it was determined that a regeneration 
duration of 120 min would be appropriate for complete regeneration, 
even though white MgO particles were obtained starting from 30 min. 

Although the characteristic peaks of MgO (as previously discussed 
above) at around 690 cm− 1 and 1400 cm− 1 were prominent at 90 min, 
the OH peak at 3700 cm− 1 showed that there was still some Mg(OH)2 
present in MgO. However, after 120 min, it was concluded that Mg(OH)2 
had almost completely converted to MgO [37,44,46–48]. 

An adsorption study was conducted at neutral pH with a 100 mg/L 
RR21 solution for 20 min using regenerated MgO particles. The effec
tiveness of MgO particles, which have been regenerated many times, in 
removal of RR21 has been investigated, and the results are presented in  
Fig. 12. According to Fig. 12, it can be said that the MgO particles 
prepared in this study can be used five more times without a significant 
decrease in adsorption efficiency, provided that they are regenerated at 
500 degrees for 2 h. 

Although the reuse of MgO particles used for RR21 removal in 
aqueous environments has been successfully carried out, it is also 
important to evaluate the economic benefits of the regeneration process 
due to the low cost of the adsorbent. Additionally, proper disposal of the 
dye-adsorbed colored waste is also crucial. It is also important to explore 
different sectors where the colored particles formed after the adsorption 
process can be utilized. To this end, we are conducting another study on 
the evaluation of these waste-colored particles in textile industry. 

3.11. Dye removal from real textile effluent 

To evaluate how effective the prepared MgO particles in treating 
wastewater from textile dyeing, textile effluent containing RR21 was 
utilized. For this purpose, cotton fabric was dyed with reactive red 21 at 
a bath ratio of 1/20. Then, the fabric was washed with hot water and 
subsequently with detergent in a few stages. The wastewater generated 
during these stages of washing the fabric and the dye bath wastewater 
were combined to obtain the dyeing process wastewater. Properties of 

Fig. 11. Time dependent FTIR spectrums of regeneration process (a) dried colored MgO particles − 0 min- (b) for 90 min (c) for 120 min.  

Fig. 12. Reuse of regenerated MgO particles.  Fig. 13. Dye removal efficiency of MgO in textile effluent.  
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combined textile wastewater were given in Table S1. The effectiveness 
of prepared MgO particles in adsorbing RR21 in dyeing process waste
water was assessed by directly treating 50 mL of wastewater with 0.05 g 
adsorbent for 20 min, without any pH adjustments. According to the 
results presented in Fig. 13, it was observed that the prepared MgO 
particles provided a 98 % dye removal for RR21 in textile dyeing process 
wastewater. 

3.12. Comparison with other studies 

The removal of dye compounds from aqueous environments is of 
great importance due to the negative effects of textile dyes on water 
resources. Many studies have been carried out on this subject so far and 
they are still being conducted to achieve more efficient results. To 
evaluate the efficacy of the prepared MgO particles in adsorbing reactive 
dye RR21, a comparison was made with similar studies in the literature, 
and the results are presented in Table 4. 

While there are various studies in the literature on the removal of 
reactive dyes from aqueous environments, there are not many studies 
specifically on the removal of Reactive Red 21 through adsorption 
method. Based on the studies conducted, Doondani et al. have achieved 
the highest adsorption capacity (125.1 mg/g) using a Chitosan-oxalic 
acid-biochar composite, while Mishra et al. have obtained a 97.7 % 
color removal using Pseudomonas aeruginosa bacteria as a biosorbent 
[67,69]. In this study, an environmentally friendly and low-cost adsor
bent was prepared for the adsorption of Reactive Red 21, which has a 
significantly higher adsorption capacity (355.33 mg/g) and a shorter 
contact time (20 min) compared to the adsorbents currently available in 
the literature, and it was demonstrated that the adsorbent can be reused 
up to five times with high efficiency. 

4. Conclusions 

In this study, an environmentally friendly, low-cost, and highly 
efficient MgO particles have been prepared by sol-gel method, for 
adsorption of Reactive Red 21 (RR21), which an azo dye. MgO particles 
were characterized by FTIR, SEM-EDS, XRD and particle size analysis 
and it was determined that they have particle sizes of 10–50 microme
ters and a specific surface area of 1164 m2/kg. In the adsorption studies, 
it was determined that MgO particles have an adsorption capacity of 
355.33 mg/g for Reactive Red 21 (RR21) with a contact time of 20 min 
at room temperature, over a wide pH range (5− 9). The Langmuir model, 
with a high correlation coefficient, accurately describes the adsorption 
behavior of RR21. Positive E values were also found in the Dubinin- 
Radushkevich data, and by considering the Temkin constants (BT), it 
can be inferred that the adsorption process of RR21 is an endothermic 
physical adsorption. Also, the ΔG value for adsorption process was 
found to be − 30.65 kj/mol which indicates thermodynamically spon
taneous adsorption at room temperatures. The results of the kinetic 
study indicate that the pseudo-second-order model provides a good fit to 
the experimental data and is therefore a suitable model for describing 
the adsorption of RR21. The dye removal efficiency of the cotton fabric 
dyeing wastewater treated with MgO particles was also tested, and 98 % 
dye removal was achieved in 20 min at room temperature without the 
need for any pH adjustment. The regeneration of dye-adsorbed MgO 
particles was conducted at 500 ◦C for 2 h. The regenerated MgO parti
cles were then utilized for adsorbing RR21 five times with a sufficiently 
high dye removal efficiency. Additionally, the regeneration and reus
ability of dye-adsorbed colored waste MgO particles or their potential 
for alternative utilization have been discussed. 

Data Availability 

Data will be made available on request. 

Table 4 
Comparing the adsorption capacity of prepared MgO particles with other ad
sorbents for the removal of certain reactive dyes.  

Reactive 
Dye 

Adsorbent pH Time Adsorption 
capacity / 
removal 
efficiency 

Reference 

Reactive 
Blue 19 

Corn Silk 2.0 6 h. 71.6 mg/g [63] 

Reactive 
Blue 19 

Activated carbon 
magnetized with the 
Fe3O4 nanoparticles 
(MAC) 

3.0 45 min 119.05 mg/ 
g 

[64] 

Reactive 
Red 21 

Fe–Al doped 
cellulose (FADC) 

8.0 60 min 117.86 mg/ 
g 

[65] 

Reactive 
Red 21 

Pomelo peel biochar 
(PPB) and magnetic 
biochar composites 
from the pomelo 
peel with Fe3O4 

(FO5-PPB) 

3.0 60 min 18.59 and 
26.25 mg/g 

[25,66] 

Reactive 
Yellow 
86 

Ag-Colemanite 
(COW) composite 

2.0 75 min 70.82 mg/g [67] 

Reactive 
Red 2 

Ag-Colemanite 
(COW) composite 

2.0 75 min 66.38 mg/g [67] 

Direct 
Blue78 

Dendrimer–titania 
nanocomposite 

2.0 25 min 1250 mg/g [52] 

Direct Red 
80 

Dendrimer–titania 
nanocomposite 

2.0 25 min 990 mg/g [52] 

Congo Red YMnO3/CeO2/ 
MgAl2O4 (YCM) 
composite 

6.8 90 min 95.20 % [51] 

Congo Red ZnO/MgO 
nanocomposite 

9.81 65 min 295.14 mg/ 
g 

[23] 

Congo Red MgAl2O4 

nanoparticles 
6.9 20 min 

* 
89.04 mg/g [61] 

Basic Blue 
41 

Dithiocarbamate- 
functionalized 
graphene oxide 
(GO-DTC) 

4.5 60 min 128.5 mg/g [68] 

Basic Red 
46 

Dithiocarbamate- 
functionalized 
graphene oxide 
(GO-DTC) 

4.5 60 min 111 mg/g [68] 

Reactive 
Blue RS 

MgO nanoparticles 3.0 
– 
9.0 

24 h. 1000 mg/g [27] 

Reactive 
Blue 19 

MgO nanoparticles 8 5 min 166.7 mg/g [30] 

Reactive 
Red 198 

MgO nanoparticles 8 5 min 123.5 mg/g [30] 

Remazol 
Red RB- 
133 

MgO nanoparticles 7 40 min 77.2 mg/g [69] 

Reactive 
Red 21 

Chitosan-oxalic 
acid-biochar 
composite 

5 90 min 125.1 mg/g [70] 

Reactive 
Red 21 

Pseudomonas 
aeruginosa 

8.6 96 h. 97.7 % [71] 

Acid Blue 
129 

Copper oxide 
nanoparticle loaded 
on activated carbon 
(CuO-NP-AC) 

2.0 25 min 65.36 mg/g [72] 

Malachite 
Green 

Zinc oxide 
nanoparticle loaded 
on activated carbon 
(ZnO-NP-AC) 

7.0 15 min 322.58 mg/ 
g 

[73] 

Methyl 
Orange 

Lead oxide 
nanoparticles 
loaded activated 
carbon (PbO-NP- 
AC) 

2.0 30 min 333.33 mg/ 
g 

[74] 

Reactive 
Red 21 

MgO 5.0 
– 
9.0 

20 min 355.33 mg/ 
g 

This 
study  

* Taken from Fig. 7c [58] 
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