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In this work, a green-synthesised ZnO–MgO nanocomposite made from 
orange peel extract is used to study the synergistic adsorption and UV-
assisted photocatalytic degradation of malachite green (MG) dye from 
aqueous solutions. X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and Fourier transform infrared spectroscopy (FTIR) were used 
to exchange data regarding the structure, chemistry, and form of the 
nanocomposite. Several operational parameters, such as adsorbent dosage, 
contact time, initial dye concentration, temperature, and UV irradiation 
conditions, were used to assess a removal performance in a batch system. 
Experimental results indicated that the ZnO–MgO nanocomposite 
had improved adsorption effectiveness under optimum circumstances, 
however the combined UV-photocatalytic process markedly increased 
the degradation of MG compared to adsorption alone. The Langmuir 
isotherm model suited the data for equilibrium better. This suggests that 
there was one layer of adsorption on a flat surface. Negative ΔG° results 
showed that the elimination process is spontaneous and possible, which 
was supported by thermodynamic characteristics.  Studies on regeneration 
and reusability showed that the ZnO–MgO nanocomposite maintained its 
high removal effectiveness across several cycles. After being washed, dried, 
and reactivated with UV light several times, the material still had most of 
its ability to adsorb and photocatalyze. The fact that it is stable means that 
the composite is good for the economy and can be used for a long time. The 
material is very recyclable because it is strong, keeps active surface sites, 
and does not rust when exposed to UV light.  The green-synthesized ZnO–
MgO nanocomposite was very good at getting rid of malachite green dye 
by using both adsorption and UV photocatalysis. It could be a long-lasting 
and cost-effective material for advanced wastewater treatment because it 
has a lot of activity, is stable, and can be used again.
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INTRODUCTION
Synthetic organic pollutants, particularly those 

that originate from industries, are making water 
pollution a growing and bigger hazard to the health 
of people and the environment across the globe 
[1]. Synthetic dyes are one of the biggest pollutants 
since these are utilized in a lot of various places, 
such leather, paper, textiles, and plastic. Most 
typical treatments don’t work on them very well 
because of this. Recent estimates show that the 
textile sector alone releases a lot of untreated dyes 
into water systems. This implies the need to look 
for therapeutic methods that function effectively 
and endure a long time [3]. Malachite green (MG) 
is one of the most dangerous colors since it is 
very poisonous and is used in many places [4]. 
This triphenylmethane dye is not allowed in many 
places, but it is nevertheless used in aquaculture 
and certain other sectors since it is cheap and 
works well [5]. Recent studies have shown that 
MG is more detrimental than previously believed; 
it may induce cancer and mutations, and even 
little quantities may disrupt the endocrine system 
[6]. It is very important and essential to get rid 
of it from industrial waste water since it is very 
hard to break down and stays stable in water for a 
long time. For a long time, there have been many 
different approaches to clean up wastewater. 
These include of chemical methods (such as 
enhanced oxidation and coagulation), physical 
methods (such as filtration and sedimentation), 
and biological methods [8].

But these approaches don’t always work 
effectively for getting rid of MG and other 
complicated chemical substances. these may 
also be expensive and create a lot of sludge or 
other harmful by-products [9]. For this reason, 
adsorption has turned out to be one of the best, 
most flexible, and most scalable ways to treat 
anything [10]. It is simple to use, not too costly, 
may be used again, and can get rid of extremely 
little levels of contaminants [11]. It is highly vital to 
produce novel adsorbent materials that have a wide 
surface area, the proper amount of porosity, a lot 
of them, and are affordable [12]. Nanotechnology 
has made a big difference in how therapeutic 
materials are made [13]. Nanomaterials have 
made it easier to get rid of contaminants from the 
environment and break them down chemically 
than previous materials. This is because 
nanomaterials have special traits, such extremely 
tiny particles, a very large surface area, and a high 

surface reactivity [14]. Researchers have studied 
a range of nanomaterials, such as nano-activated 
carbons, nanoclays, metal–organic frameworks 
(MOFs), and metal oxide nanoparticles [15]. Metal 
oxide nanoparticles are one of the most fascinating 
kinds of nanoparticles. These are simple to find, 
have a lot of different chemical characteristics, 
are stable at high temperatures and pressures, 
and their surfaces are easy to modify [16]. Metal 
oxide nanoparticles clean water in two main ways: 
by  sticking  to pollutants and use light to break 
them down [17]. Nanoparticles of zinc oxide (ZnO) 
have excellent adhesion properties and the ability 
to neutralize reactive oxygen species (ROS) [18], 
rendering toxic organic molecules inert.

Magnesium oxide nanoparticles (MgO), 
however, are inexpensive, have a lot of surface 
area, and are known to be low in toxicity and 
have antibacterial capabilities [19]. When these 
two oxides are combined to produce a ZnO/
MgO nanocomposite, these work together to 
make a stronger material. MgO may assist ZnO 
nanoparticles spread out and block electron-hole 
pairs generated by light from recombining via 
mutual doping. This makes it easier for molecules 
to stick to surfaces and lets photocatalytic 
activity happen in the visible light spectrum 
[20]. Nanomaterials have a lot of promise, but 
manufacturing them the old-fashioned manner 
(with chemicals and physical methods) generally 
involves toxic substances, unpleasant working 
conditions, and a lot of wasted energy, which 
is bad for the environment and goes against the 
tenets of green chemistry [21]. That’s why making 
nanomaterials from plant extracts is now a long-
lasting and good for the environment choice [22]. 
This approach employs plant extracts that include 
bioactive chemicals such polyphenols, flavonoids, 
and alkaloids that function as natural stabilizers 
and reducers. This makes it possible to make 
nanoparticles in only one step [23]. 

This work used orange peel extract, a prevalent 
and cost-effective agricultural by-product, as 
a green agent for the synthesis of the ZnO/
MgO nanocomposite. Orange peels include 
flavonoids including hesperidin and naringin, as 
well as vitamin C. These are effective in lowering 
and stabilizing things on their own [24]. In this 
instance, prior research has diligently endeavored 
to use plant extracts for the fabrication of 
nanomaterials intended for water purification. 
For instance, research [25] employed mint leaf 
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extract to produce zinc oxide nanoparticles 
and then investigated how well these acted as 
photocatalysts to break down malachite green 
when these were exposed to UV light. The 
findings indicated that 94% of the material could 
be broken down in 120 minutes. This indicates 
how effective green synthesis approaches may 
be. This research concentrated only on one kind 
of metal nanomaterial and did not investigate 
the synergistic effects of nanocomposites. It 
also only worked under UV light, which makes it 
less effective for huge projects. Researchers in 
[26] made a hybrid SnO₂/ZnO nanocomposite 
using pomegranate peel extract as a reducing 
agent, which is similar to a recent discovery. In 
this investigation, the elimination of the hue 
methylene blue was the primary objective. The 
adsorption rate of 96% demonstrated that the 
nanocomposite outperformed its constituent 
elements in this regard. The findings demonstrated 
that the photocatalytic activity was enhanced 
due to the simplified separation of charges 
caused by the interaction of the two oxides. The 
research only focused on adsorption analysis and 
employed a multi-step preparation approach. 
The elimination of the very poisonous malachite 
green or photocatalysis were not addressed. 
By developing a green synthesis of a ZnO/MgO 
nanocomposite using orange peel extract and 
assessing its capacity to remove malachite 
green dye using a hybrid approach that includes 
adsorption and photocatalysis under simulated 
sunshine, this work creates a significant gap in the 
literature. Contrasted with other research, this 
one has more merit. This study breaks new ground 
as it replaces conventional chemical procedures 
with orange peel extract to create a binary oxide 
nanocomposite (ZnO/MgO). Aside from being a 
photocatalyst for ZnO, it has the ability to absorb 
large amounts of MgO. 

The primary objective of this research was to 
determine the efficacy of an environmentally 
friendly zinc oxide/magnesium oxide 
nanocomposite made from orange peel extract in 
removing the green hue of malachite from water. 
In order to create and examine the nanocomposite, 
this research aims to employ sophisticated 
analytical instruments such as FTIR, XRD, and 
SEM. We may have a better understanding of 
its form and structure from this. Additionally, it 
must be aware of the optimal means of removal 
and the nanocomposite’s performance in various 

contexts as an adsorbent and photocatalyst. The 
study goal is to clarify the process of elimination 
by looking at adsorption isotherm models and 
testing photocatalytic activity in conditions that 
mimic sunlight.

MATERIALS AND METHODS
Chemicals

Chemicals were very pure and came from 
trustworthy sources for this work. The main 
precursor salts were magnesium sulfate 
heptahydrate (MgSO₄·7H₂O) and zinc sulfate 
heptahydrate (ZnSO₄·7H₂O). Both were bought 
from Sigma–Aldrich (USA) and were at least 99% 
pure. Merck (Germany) sent sodium hydroxide 
pellets (NaOH) that were used to make a 1.0 M 
precipitating solution. Distilled water was used 
for all the steps of preparation and washing to 
make sure that the process was clean and that 
impurities didn’t get in the way. The plant extract 
was freshly prepared locally from bitter orange 
(Citrus aurantium) peels without the addition of 
any other chemicals, and it served as a reducing 
and stabilizing agent in the green synthesis[27] of 
the MgO–ZnO nanocomposite.

Green Synthesis of the MgO–ZnO Nanocomposite
The MgO–ZnO nanocomposite was synthesized 

using a green approach in which bitter orange 
(Citrus aurantium) peel extract served as both 
a reducing and stabilizing agent for nanoparticle 
formation. Initially, fresh orange peels were 
thoroughly washed, air-dried, and finely ground. 
To get phenolic compounds, flavonoids, and 
natural sugars out of the powdered peels, 10 g of 
them were boiled in 200 mL of distilled water for 
20 minutes. These are bioactive compounds that 
are known to be very important for reducing and 
stabilizing metal nanoparticles. Further processing 
included filtering the heated extract through 
standard filter paper and storing it at 4 °C until 
needed.

Characterization of Adsorbent
Analyzing the physicochemical features of 

the produced MgO-ZnO nanocomposite using 
a range of characterization methods allowed us 
to understand its elemental makeup, crystalline 
structure, and surface characteristics. For the 
first time, Field Emission Scanning Electron 
Microscopy (FESEM) was used to investigate the 
shape, arrangement, and dispersion of surface 
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particles, their adhesion mechanisms, and the 
dimensions of structures at the nanoscale. 
Investigations using Energy-Dispersive X-ray 
Spectroscopy (EDS) uncovered the components 
and their even distribution. Zinc, magnesium, 
and oxygen were the most abundant elements 
found in the EDS spectra. There were also trace 
levels of carbon in the plant extract that was 
used in the green synthesis process. Using Fourier 
Transform Infrared Spectroscopy (FT-IR), we were 
able to analyze the bitter orange peel extract 
for phytochemicals and the nanocomposite for 
surface functional groups. These plant compounds 
had a dual role as stabilizers and reductants. 
The FT-IR data also showed the evolution of the 
Zn-O and Mg-O vibrational modes. Using X-ray 
diffraction (XRD) analysis, which involves looking 
for diffraction peaks associated with magnesium 
oxide and zinc oxide, the crystalline phases of 
the nanocomposite were found. By using the 
Scherrer equation to better understand the size 
of the crystallites, gained a better understanding 
of the material’s nanoscale characteristics. This 
complete characterization technique allowed us to 

understand the surface and structural features of 
the MgO-ZnO nanocomposite. It also clarified the 
material’s superior performance in photocatalytic 
and adsorption settings.

Adsorption Experiments
The malachite green hue was removed using 

batch-based adsorption and photocatalytic 
experiments conducted in a shaking incubator 
(HYSC SWB-25, Korea). Incubator stirring at a 
constant 120 rpm maintained nanocomposite 
distribution and excellent contact throughout the 
experiment. The test solutions were consistently 
50 mL in volume and included dye concentrations 
of 20, 30, 40, 50, and 60 mg/L. The MgO-ZnO 
nanocomposite, which weighed just 0.03 g, was 
the key ingredient. The same adjusted contact time 
was used for both adsorption and photocatalysis. 
No test was performed at a temperature lower than 
25 °C. After the liquid settled after the adsorption 
experiments, centrifugation was used to separate 
the components. To provide the best possible 
catalytic conditions for the photocatalytic testing, 
the reaction mixture was agitated continuously 

 
  Fig. 1. FESEM Image for MgO–ZnO Nanocomposite.



2539J Nanostruct 15(4): 2535-2552, Autumn 2025

Z. Mohammed et al. / Photocatalysis of Biosynthesis ZnO–MgO Nanocomposite

while being exposed to the appropriate light 
source. 

The absorbance of the remaining dye at the 
maximum wavelength of malachite green was 
measured using a UV-Vis spectrophotometer. 
Because of this, we were able to more easily gauge 
the amount of color remaining in the combination. 
Using established formulae, the adsorption 
capacity and the removal have determined. 
The studies were carried out under carefully 
controlled settings to guarantee the reliability of 
the findings and to allow for the comparison of the 
photocatalytic and adsorption activities at all the 
different dosages that were tested.

Factors Affecting Adsorption
Many essential operating aspects to get the 

green-synthesized MgO–ZnO nanocomposite 
made from bitter orange peel extract perform 
better. Each parameter has examined individually, 
ensuring that all other variables remained 
constant. At first, looked at how varied quantities 
of adsorbent, from 0.01 g to 0.05 g, changed the 
removal performance by looking at how much 
active surface area was available. We collected 
samples every 15, 30, 45, 60, 75, 90, and 105 
minutes to see how long it took for the two things 

to reach equilibrium. In addition, to look at how 
the starting amount of malachite green changed 
the way it was removed from water that was more 
or less dirty. Values ranging from 20 to 60 mg/L 
were analyzed for this purpose. We tested at 298, 
303, 313, and 323 K to examine how temperature 
and heat change the performance of adsorption 
and photocatalysis. After each experiment, the 
nanocomposite was washed and dried, and then 
it was used again in a fresh adsorption cycle under 
the same conditions to see whether it could be 
reused (regenerated). The test demonstrated that 
the material’s structure and chemistry are stable 
and that it can remain performing well after many 
cycles. This is a good hint that it might operate well 
in real-world environmental systems.

Concentration Determining
After each experiment, a centrifuge was used 

to separate the adsorbent from the solution. 
The centrifuge spun at 6000 rpm for 10 minutes 
to make sure that all of the nanomaterial was 
removed from the water. UV–Vis was used 
spectrophotometer to measure the remaining 
amount of Malachite Green in the filtrate at its 
highest absorption wavelength of 617 nm. A 
standard equations are often used in adsorption 

 
  

Fig. 2. XRD Spectrum of  MgO–ZnO Nanocomposite.
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studies to figure out the adsorption capacity (qₑ) 
and the removal efficiency, qe (mg/g) [28]:

qe =
(Co − Ce)V

m  

  
                                                        

(1)

Here, Ce stands for ion concentration at 
equilibrium (mg/L), Co stands for initial ion 
concentration (mg/L), m stands for mass of 
adsorbent (g) and V is the volume of salt solution 
(L).

RESULTS AND DISCUSSION
Characterization of Adsorbent

A successful synthesis for MgO–ZnO 
nanocomposite prepared using natural bitter 
orange peel extract has been confirmed by 
comprehensive characterization techniques.

Scanning Electron Microscopy (SEM) 
The biosynthesized MgO–ZnO nanocomposite’s 

FESEM images showed an agglomerated and 
highly irregular morphology made up of clustered 
nanoparticles with heterogeneous grain sizes 
ranging roughly between 40 and 80 nm (Fig. 1). The 
formation of interconnected nanoscale structures 
was indicated by the surface’s rough and closely 
packed appearance. This morphology points to 

a successful green synthesis using bitter orange 
peel extract, where the phytochemicals serve as 
capping and stabilizing agents [29]. This results 
in the formation of compact nano-aggregates 
with a large number of active surface sites that 
are appropriate for photocatalytic reactions and 
adsorption.

X-ray Diffraction Spectroscopy (XRD) 
The X-ray diffraction pattern of the green-

synthesized MgO–ZnO nanocomposite exhibited 
a series of sharp and intense peaks, confirming 
its well-defined crystalline structure (Fig. 2). The 
characteristic reflections observed at 2θ values 
of 31°, 34°, 36°, 47°, 56°, 62°, and 68° correspond 
to the hexagonal wurtzite phase of ZnO, in 
accordance with the standard JCPDS data[30]. 
Additional peaks appearing near 2θ ≈ 43° and 
62° are attributed to the cubic phase of MgO, 
indicating the coexistence of both oxide phases 
within the composite.

Fourier Transform Infrared (FTIR) 
The FTIR spectrum of the green-synthesized 

MgO–ZnO nanocomposite prepared using bitter 
orange peel extract confirms the successful 
formation of the material and the presence of 
phytochemical species on its surface. A broad 
absorption band at 3435 cm⁻¹ corresponds to O–H 

 
  

Fig. 3. FTIR Spectrum of MgO–ZnO Nanocomposite.
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stretching vibrations, originating from surface 
hydroxyl groups or residual phenolic compounds 
from the plant extract, indicating extensive 
hydrogen bonding.

The peak observed near 2883 cm⁻¹ is 
attributed to C–H stretching vibrations of organic 
molecules involved in the green synthesis process. 
Pronounced absorptions at 1654 and 1525 cm⁻¹ 
correspond to C=O and C=C vibrations from 
polyphenols and carboxyl-containing compounds 
present in the extract[31], confirming their 
role as stabilizing and capping agents for the 
nanoparticles.

Additional bands in the region 1242–1109–
1026 cm⁻¹ are associated with C–O and C–O–C 
vibrations, reflecting the presence of natural 
polysaccharides and oxygenated functional 
groups from the extract. Characteristic metal–
oxygen vibrations appear in the lower region 

of the spectrum: bands at 705–680–613 cm⁻¹ 
correspond to Zn–O stretching, while the strong 
band at 455 cm⁻¹ confirms the presence of Mg–O, 
characteristic of magnesium oxide.

Overall, the FTIR results demonstrate the 
successful biosynthesis of the MgO–ZnO 
nanocomposite and verify the interaction of 
the extract’s phytochemicals with the metal 
oxide surface, enhancing stability and providing 
active sites for adsorption and photocatalytic 
applications.

Energy Dispersive X-ray Spectroscopy (EDS) 
The EDS spectrum recorded for the MgO–

ZnO nanocomposite (Fig. 4), together with the 
corresponding quantitative data (Table 1), confirms 
the elemental composition of the biosynthesized 
material. A spectrum depicts strong signals for Zn 
and Mg, as well as clear peaks for O. This means 

 
  Fig. 4. EDS Spectrum of MgO–ZnO Nanocomposite.

Element Atomic % Atomic % Error Weight % Weight % Error 
C 17.3 3.2 6.5 1.2 
O 35.6 1.6 17.9 0.8 

Mg 16.3 0.6 12.5 0.5 
S 0.5 0.1 0.5 0.1 

Zn 30.4 0.8 62.6 1.6 
 
  

Table 1. Elemental Composition of MgO–ZnO Nanocomposite.
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that zinc, magnesium, and oxygen are the main 
parts of the composite. Zinc makes up about 30.4 
at.% (62.6 wt.%), and magnesium makes up 16.3 
at.% (12.5 wt.%), which is in line with the idea that 
a ZnO–MgO mixed oxide system is forming instead 
of a simple physical mixture. The relatively high 
oxygen content (35.6 at.%) supports the idea that 
metal oxides have metal-oxygen bonds.

A noticeable amount of carbon (17.3 at.% and 
6.5 wt.%) is also detected, which can be attributed 
to organic residues originating from the bitter 
orange peel extract used as a green reducing and 
stabilizing agent during synthesis, as well as to 
the carbon coating applied during SEM sample 
preparation. The very low percentage of sulfur (0.5 
at.% and wt.%) likely arises from trace components 
in the plant extract and does not indicate the 
presence of a separate sulfur-containing phase.

Overall, the dominance of Zn, Mg and O 
together with the absence of any additional 
metallic elements in the EDS profile confirms the 
successful preparation of a chemically pure MgO–
ZnO nanocomposite, while the detected carbon 
signal supports the proposed green synthesis 
mechanism involving phytochemicals adsorbed on 
the nanoparticle surface.

Calibration Curve of Malachite Green
A calibration curve for Malachite Green was 

constructed over the concentration range of 0–60 
mg/L, showing a highly linear relationship between 
absorbance and concentration. The experimental 
data fit the straight line Eq. 2 with a coefficient of 
determination of R² = 0.9976:

A = 0.0293 C + 0.0224 

  
                                         (2)

This means that the measured values and the 
linear model were very similar and agreed with 
each other very well. This high R² value shows 
that the spectrophotometric measurements are 
accurate and that this calibration curve can be used 
to find the equilibrium concentrations (Ce) from 
the measured absorbance values. The positive 
slope of the calibration curve shows that the dye 
follows the Beer–Lambert law in the concentration 
range looked at. This means that absorbance goes 
up in a straight line with concentration, with no 
signs of saturation or spectral deviation. So, you 
can be sure that you can use this calibration curve 
for all the calculations you do later to find out the 
adsorption capacity (Qe) and removal efficiency 

 
  Fig. 5. Calibration Curve for Malachite Green Dye.
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during the experiments.

Factors Affecting Adsorption
Effect of Adsorbent Dose

Fig. 6 shows how the amount of MgO–ZnO 
adsorbent affects how well it removes Malachite 
Green dye. The results show that increasing the 
dose from 0.01 to 0.03 g made it much easier to 
remove the dye. The improvement is due to the 
fact that adding more adsorbent particles to the 
system increases the number of active surface 
sites that can be used for adsorption. However, 
giving more than 0.03 g did not significantly 
improve the removal efficiency. At higher doses 
(0.04–0.05 g), the adsorption capacity (qe, 
mg/g) went down a little. This could be because 
not all of the adsorption sites were used up and 
nanoparticles tend to clump together when these 
are too concentrated. This type of agglomeration 
makes the effective surface area smaller and 
makes it harder to get to active sites[32]. Based 
on these results, a dose of 0.03 g was chosen as 
the best amount because it was the best balance 
between getting rid of the most dye and using the 
least amount of material.

Effect of Contact Time
The effect of contact time on the adsorption 

of Malachite Green dye onto the MgO–ZnO 
nanocomposite was examined under optimized 
conditions (Fig. 7). The adsorption capacity 
increased rapidly during the first 45 minutes, which 
is attributed to the large number of available active 
sites on the surface of the nanocomposite. As 
time went on, the adsorption rate slowly dropped 
because these active sites were getting more and 
more full. The system got close to equilibrium after 
about 90 to 100 minutes, and after that, only small 
changes in adsorption capacity were seen. The 
first stage of fast adsorption is mostly caused by 
interactions between surfaces and diffusion from 
the outside. The second stage is mostly caused by 
diffusion between particles as dye molecules move 
deeper into the pores and surface irregularities of 
the MgO–ZnO nanostructure [33].

Effect of Initial Concentration
T looked at how the initial concentration of 

malachite green dye affected the MgO–ZnO 
adsorbent’s ability to remove it and its catalytic 
form. The concentration range was 20–60 mg/L. 

 
  Fig. 6. Effect of Adsorbent Dose for Malachite Green Dye adsorption onto MgO–ZnO Nanocomposite.
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Fig. 8 shows that the removal percentage (%R) 
followed a pattern for both systems: %R went 
down at the middle concentrations because dye 
molecules were competing more for the few 
surface active sites available[34]. This shows 
that the surface was saturated. The elimination 
efficiency increased up again at greater 
concentrations (around 60 mg/L). This is because 
there were more collisions and a larger force 
pushing mass toward the surface of the adsorbent. 
Because the %R values were always highest at 
323 K, temperature was a crucial factor. As a 
result, whereas adsorption often produces heat, 
higher temperatures aid dye mobility and surface 
dispersion. The catalytic system (Cat.) significantly 
outperformed the pure adsorption system (Ads) 
across the board in terms of %R, regardless of 
concentration or temperature. This is superior 
because it has catalytically active surface centers 
that improve dye interaction, decrease diffusion 
resistance, and maintain system performance in 
the presence of increased contaminants. These 
findings demonstrate that the adsorption-catalytic 
system is more stable at elevated temperatures 
and produces a superior surface for dye removal. 
This makes it an excellent option for places that 
produce a high volume of organic trash during 

cleanup.

Effect of Ionic Strength
The results show that when the ionic strength 

was raised with NaCl and KCl solutions, the 
adsorption capacity (Qe) slowly went down, while 
the equilibrium concentration (Ce) went up a little. 
The electrostatic shielding effect[35] explains this 
behavior. The positive ions in the solution make 
the forces that pull the dye molecules and the 
active sites on the adsorbent’s surface together 
weaker. There are more ions contending for space 
near the surface as the salt concentration rises. 
This makes the ionic layer congested, which makes 
it harder for dye molecules to get toward the active 
sites and increases the competition for these sites 
greater. It was also found that KCl stopped the 
reaction better than NaCl since it generated a 
greater reduction in Qe at the same doses. Due 
to their distinct ionic characteristics, the two salts 
are in fact distinct from one another. Sodium ions 
(Na⁺) have a higher hydration energy and a smaller 
hydrated radius compared to potassium ions (K⁺). 
This facilitates their approach to the adsorbent 
surface, where they may engage in competition 
with the dye molecules. The effectiveness of the 
adsorption process is further diminished by this. 

 
  Fig. 7. Contact time effect for Malachite Green Dye adsorption onto MgO–ZnO Nanocomposite.
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Based on these findings, electrostatic interactions 
seem to be the main force behind the adsorption 
in the system under study. These connections 
get weaker with the addition of additional ions, 
making it more difficult to remove the dye. Sodium 
is less affected by this than potassium.

Regeneration and Reusability of Adsorbent
Regeneration experiments demonstrated that 

the adsorbent retained some adsorption capacity 
after one day of collection, washing, and drying. 
An increase in the equilibrium concentration (Ce) 
was accompanied by an increase in the adsorption 
capacity (Qe). The mended surface was able to 
perform many of the same functions as before. 
An increase in Ce from 20 to 60 mg/L caused a 
shift in Qe levels from 18.11 to 53.49 mg/g. Even 
as the concentration increases, Qe continues to 
rise. Thus, the regeneration process is effective, 
and the first adsorption cycle did not cause 
any harm or irreversible blocking of the active 
sites. This indicates that the regenerated surface 
functions similarly to the fresh adsorbent, as the 
curve is almost straight. This makes it resistant to 
chemicals as well as the heat generated during 
washing and drying.

These results show that the material can be 

used over and over again without losing much of 
its power. This is very important for businesses 
and the environment because it saves money and 
is good for the environment. So, the regenerated 
adsorbent can still be very useful in systems that 
treat things over and over again.

Adsorption Isotherms
To further understand the interaction of 

lead and cadmium ions with the surface of 
the adsorbent material, equilibrium data were 
analyzed using Langmuir and Freundlich models 
[36], as shown in Eqs. 3 and 4:

Ce
qe

= 1
qmaxkL

+ Ce
qmax

                                                     (3)

where qe is quantity of ions at equilibrium 
(mg/g), Ce is the concentration of ions (mg/L), qmax 
is the maximum capacity of adsorption and kL is 
Langmuir experimental constant.

Figs. 8 and 9 that produces the values of the 
Langmuir constants qmax and kL is Ce/qe versus Ce. 
In this instance, the slope of the line represents 
qmax, while the intercept is kL.

lnqe = lnkf + 1
n lnCe 

  
                                             

(4)

 
  Fig. 10. Effect of Ionic Strength of Malachite Green Dye adsorption onto MgO–ZnO Nanocomposite. 
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Fig. 11. Regeneration Efficiency of MgO–ZnO Nanocomposite over Successive Cycles.

where qe is the amount of adsorbed ions 
at equilibrium (mg/g), Ce is the adsorbed 
concentration of ions at equilibrium (mg/L), both 
kf and n are experimental constants of Freundlich. 
kf and n have been calculated using the intercept 
and slope of a plot of lnqe vs. lnCe, Figs. 10 and 11.

The equilibrium adsorption data of malachite 
green dye onto MgO–ZnO nanocomposite were 
analyzed using both Langmuir and Freundlich 
isotherm models for the adsorption-only system 
(ads) and the catalytic/adsorptive system (cat). 
The results demonstrated that the Langmuir 
model provided a superior fit compared to the 
Freundlich model across most temperatures, as 
indicated by the higher correlation coefficients (R² 
≈ 0.96–0.98 for ads, and 0.94–0.98 for cat). This 
strong agreement confirms that the removal of 
dye molecules occurs mainly through monolayer 
adsorption on a homogeneous surface with 
energetically uniform active sites.

In contrast, the Freundlich model showed 
significantly lower R² values, particularly for 
the adsorption-only system (R² ≈ 0.18–0.37), 
suggesting that multilayer adsorption or surface 
heterogeneity plays a minimal role. Regeneration 

experiments demonstrated that the adsorbent 
retained some adsorption capacity after one day 
of collection, washing, and drying. An increase 
in the equilibrium concentration (Ce) was 
accompanied by an increase in the adsorption 
capacity (Qe). The mended surface was able to 
perform many of the same functions as before. An 
increase in Ce from 20 to 60 mg/L caused a shift 
in Qe levels from 18.11 to 53.49 mg/g. Even as 
the concentration increases, Qe continues to rise. 
Thus, the regeneration process is effective, and 
the first adsorption cycle did not cause any harm 
or irreversible blocking of the active sites.

The curve is almost straight, which means 
that the regenerated surface works like the new 
adsorbent. This means that it can handle both 
chemicals and heat when it is washed and dried.

 The catalytic system consistently outperformed 
the adsorption-only system at all temperatures, 
demonstrating more efficient dye removal due 
to the combined effects of surface adsorption 
and thermally assisted catalytic degradation. 
These results show that MgO–ZnO is a good dual-
function material for treating wastewater that 
contains organic dye pollutants.
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Fig. 13. Freundlich isotherms of Adsorption and Photocatalysis of Malachite Green Dye onto MgO–ZnO Nanocomposite.

 
  

Fig. 12. Langmuir isotherms of Adsorption and Photocatalysis of Malachite Green Dye onto MgO–ZnO Nanocomposite.
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Fig. 14. Represents van’t Hoff equation of Adsorption as well as Photocatalysis of Malachite Green Dye onto MgO–ZnO 

Nanocomposite.

Temperature (K) ΔHº(kJ/mol) ΔGº(kJ/mol) ΔSº(J/mol.K) 

298 

-13891 
 

-2728.55 -37.4579 

303 -6885.82 -23.1194 

313 -1770.07 -38.725 

323 -2036.89 -36.7 
 

Table 3. Magnitudes for Thermodynamic Functions of Malachite Green Dye Photocatalysis 
onto MgO–ZnO Nanocomposite.

Temperature (K) ΔHº(kJ/mol) ΔGº(kJ/mol) ΔSº(J/mol.K) 

298 

-5951.8 
 

-890.439 -16.9844 

303 -2031.18 -12.9393 

313 -3263.26 -8.58958 

323 -2689.45 -10.1002 
 
  

Table 2. Values of Thermodynamic Functions forfor Malachite Green Dye Adsorption onto 
MgO–ZnO Nanocomposite.
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Thermodynamics of Adsorption
An effect for temperature on adsorption was 

investigated at 298, 308, and 318 K, Fig. 12. The 
thermodynamic functions were continuously 
calculated using the Eq. 5 [37]:

lnK = −∆H
RT + constant  

                                              (5)

That equation uses Kelvin temperature unit 
(T), a universal gas constant (R), a thermodynamic 
equilibrium constant (K), and an enthalpy change 
for adsorption (∆H). The slope of the straight line 
in Fig. 14, which is the outcome of plotting lnK 
against 1/T (van’t Hoff plot), was used to calculate 
the enthalpy shift. An estimate of the free Gibbs 
energy, Go, was obtained using the Eq. 6 [38]:

∆G0 = −RTlnK                                                            (6)

An equilibrium Gibbs formula has been 
employed for estimating entropy changes (ΔS°) 
(Eq. 7) [39]:

∆G0 = ∆H0 − T∆S0                                                      (7)

The thermodynamic parameters obtained from 
the Van’t Hoff plots (ΔH°, ΔG°, and ΔS°) indicate 
that the adsorption of malachite green dye onto 
the MgO–ZnO composite primarily occurs via a 
physical adsorption mechanism. The negative 
enthalpy values (ΔH°) for both the adsorption and 
catalytic systems show that the process gives off 
heat [40]. This means that raising the temperature 
weakens the bond between the dye molecules and 
the surface, making it less effective at removing 
them. Gibbs free energy values (ΔG°) are always 
negative, which means that adsorption happens 
on its own at all of the temperatures studied. 
Small changes in these values suggest that 
certain thermal conditions make adsorption more 
favorable. Negative entropy values (ΔS°) depict 
that solid–liquid interface has been less random, 
which means that dye molecules are moving from 
the water medium to surface sites that are more 
ordered and stable in terms of energy. These 
observations suggest that adsorption is influenced 
by weak physical forces, primarily the electrostatic 
attraction between positively charged dye 
molecules and negatively charged surface groups 
on MgO–ZnO, as well as diffusion into nanoscale 

pores and secondary interactions, including 
dipole–dipole or van der Waals forces. The 
catalytic system (cat) works better because it has 
more active centers that speed up the movement 
of mass and the approach to equilibrium. The 
process is spontaneous, gives off heat, and is 
mostly controlled by physiosorption. This makes 
the material work well at low temperatures and 
makes it easy to regenerate and use again.

The MgO–ZnO composite removes malachite 
green dye primarily through electrostatic attraction 
between the negatively charged surface sites 
and the cationic dye molecules, according to the 
combined results of structural characterization, 
adsorption equilibrium, and thermodynamic 
analysis. The predominant role of physical 
adsorption within surface pores, supported by van 
der Waals and weak dipole–dipole interactions, 
lends credence to this. The process is confirmed 
to follow a physisorption mechanism instead of a 
chemisorption pathway by the low negative values 
of ΔH° and ΔG°.

CONCLUSION
In this study, Citrus aurantium (bitter orange) 

peel extract was used to create a green MgO–ZnO 
nanocomposite, which was successfully tested 
as an effective adsorbent and photocatalyst 
for the removal of malachite green dye from 
aqueous solutions. A mixed-oxide nanocomposite 
with a crystalline structure, lots of oxygenated 
functional groups, and a heterogeneous, rough, 
porous surface that offers a high density of active 
sites was successfully formed, according to the 
characterization analyses (FTIR, FESEM, XRD, and 
EDS). While EDS confirmed that the elemental 
composition was dominated by Zn (30.4 at%), 
Mg (16.3 at%), and oxygen-rich surface groups 
necessary for dye interaction, FESEM images 
showed nano-aggregates with particle sizes 
ranging from 42 to 78 nm. The nanocomposite 
shows high removal efficiency under ideal 
conditions, according to batch adsorption tests. 
The adsorption capacity went up a lot when the 
dye concentrations went from 20 to 60 mg/L, but 
the clearance % went down because the surface 
sites were full. The first absorption occurred 
immediately, according to experiments with 
contact time, and remained constant for around 
90 to 100 minutes after that. This occurred for a 
couple of reasons: first, the film expanded, and 
second, the particles penetrated the internal 
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pores. Results showed that removal behavior 
changed between 298 and 323 K, according to 
the temperature investigation. At 323 K, the 
%R for the adsorption (ads) and catalytic (cat) 
systems were they maximum. This indicates that 
greater temperatures facilitate the mobility of dye 
molecules, even if the process is said to emit heat 
according to the thermodynamic characteristics. 
Both adsorption and catalytic systems show that 
the Freundlich model is not as effective as the 
Langmuir model, according to isotherm modeling. 
The fact that this occurs on a perfectly flat surface 
proves that monolayer adsorption occurs there. 
According to the thermodynamic data, the process 
is both exothermic (ΔH° < 0) and spontaneous 
(ΔG° < 0). When the color stays, the surface 
ordering improves, as shown by the negative ΔS° 
readings. In every case, the catalytic approach 
outperformed direct adsorption due to the 
increased number of reactive sites that accelerated 
the dye’s degradation. As a result, removal rates 
and capacities increased. The surface’s capacity to 
bind dye molecules decreased in the presence of 
NaCl and KCl, according to ionic strength tests. This 
proved that salt ions and color molecules were 
vying for the same physical location. The MgO-ZnO 
nanocomposite continues to absorb a great deal 
of material even after several cycles, according to 
regeneration research. Two major advantages for 
actual wastewater treatment are its stability and its 
reusability, both of which it has. According to the 
results, a sustainable MgO-ZnO nanocomposite 
is an excellent adsorbent-photocatalyst for large-
scale remediation of organic dye-contaminated 
water systems since it is efficient, inexpensive, and 
harmless to the environment. With its high activity 
sites, robust thermodynamics, ease of recycling, 
and excellent catalytic properties, it is an excellent 
material for environmental cleanup methods.
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