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Introduction

Recent advances in nanotechnology have led to a variety 
of research areas focusing on nanoparticles [1-3]. Scientists 
have been looking at green nanotechnology and novel 
materials to improve human living standards. Nanomaterials 
have been extensively exploited in several fields of study, 
including environmental remediation, renewable and clean 
energy production and storage, optical applications, and 
sustainability [4-8]. With the capability of photocatalytic 
oxidation, nanoparticles can decompose organic compounds 
in water and air under sustainable energy (sunlight) [9]. Other 
classes of nanomaterials are good electrochemical sensors 
and contribute advantages such as short detection times, 
ease of operation, simplified pretreatment, and low cost 
over traditional measurement techniques [10]. Furthermore, 

nanoparticles have a higher specific surface area and so 
offer outstanding properties in the fields of energy storage, 
optics, biological compatibility, and the minimization 
of defects [11,12]. Manganese-based nanomaterials are 
receiving interest among the diverse nanomaterials because 
of their particular qualities such as chemical stability, 
environmental compatibility, and electrochemical activity 
[13]. MnO2 nanoparticles are versatile materials with a wide 
range of applications such as energy storage, environmental 
purification, catalysis, biomedicine, and sensors [13-16]. 

Various conventional methods have been used in the 
synthesis of nanomaterials, including sol-gel, solvothermal, 
pyrolysis, high-energy irradiation, electrochemical deposition, 
photo-induced reduction, hydrothermal, and electrochemical 
reduction [17-20]. Conventionally, manganese-based 
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nanomaterials have been produced by oxidizing Mn (II) in a 
basic solution or reducing permanganate [21,22]. However, 
these methods are not environmentally friendly as they 
consume more energy, produce organic solvents, generate 
intermediate chemicals, and emit toxic by-products into the 
environment [23]. The green chemistry-based syntheses 
of nanomaterials have gained popularity due to their 
environmentally friendly, low cost, ease of use, less toxic by-
products, less time consumption, performance at ambient 
temperature and pressure, and ease of scale-up [24]. The 
biosynthesis of nanomaterials is increasingly significant in 
science due to the rapidly growing awareness of the risks 
generated by the conventional syntheses of nanoparticles 
[25,26]. The biosynthesis of nanoparticles utilizes bacteria [27], 
algae [28], fungi [29], and plants [30]. Among the biological 
materials listed, plant extract-based biosynthesis has attracted 
research interest due to its large-scale nanoparticle synthesis. 
Plant extracts have a variety of phytochemicals that have 
important roles as reducing agents and stabilizers and are 
therefore more suitable than synthesis with microorganisms 
[21]. In addition, the antioxidant properties of plant extracts 
play a greater role in the synthesis of nanoparticles. The 
extracts obtained from Jatropha curcas, Azadirachta indica 
[31], Dittrichia graveolens (L.), Coriandrum sativum [32], 
Polyalthia longifolia, Euphorbia hirta [24], Parthenium [33], 
and many others provide the principle of biosynthesis that 
are environmentally friendly. Lemon extract (Citrus limon), 
which is rich in citric and ascorbic acid was used as a reducing 
agent for the synthesis of nanoparticles [34,35]. In addition, 
it contains various bioactive compounds including flavonoids, 
ascorbic acid, phenolic compounds, and carotenoids [36-39]. 
Various studies have proven that Citrus limon contributes 
various health benefits to humans in terms of anti-oxidative, 
antibacterial, anti-inflammatory, and anti-tumor properties 
[40,41]. The other plant extract called curcumin has been used 
as a stabilizing agent for nanoparticles [42].

This study was focused on the biosynthesis of MnO2 
nanoparticles utilizing lemon extract to reduce manganese 
ions and curcumin to stabilize the nanoparticles. The other 
focus was on optimizing the reaction variables involved in 
nanoparticle synthesis using Response Surface Methodology 
(RSM), namely Central Composite Design (CCD).

Materials and Methods 

Manganese (II) acetate [(CH3COO)2 Mn·4H2O] ≥ 99%, analytical 
grade, was purchased from Sigma-Aldrich, USA. Lemon 
fruits and turmeric roots were purchased from a vegetable 
market in Addis Ababa, Ethiopia. Sodium hydroxide (NaOH), 
nitric acid (HNO3), and ethanol (95%) were purchased from 
General Chemicals and Trading plc, Addis Ababa, Ethiopia. 
Distilled water was used to prepare an aqueous manganese 
(II) acetate solution. A VENOR 150 g commercial spice grinder 
(with a mesh size of 40-200) was used to grind the turmeric 

roots to a powder. A multifunctional lemon juicer was used to 
extract lemon juice from lemon fruits. UV-visible spectroscopy 
(Shimadzu: UV-1800), Fourier’s transform infrared spectroscopy 
(Nicolet iS50, USA), and field emission scanning electron 
microscope (FEI, Inspect F50) were employed to characterize 
MnO2 nanoparticles.

Preparation of extracts

Lemon fruits were thoroughly washed with distilled water 
and then cut into smaller pieces. Subsequently, these smaller 
lemon pieces were squeezed using the multifunctional lemon 
juicer to obtain the extract. The extract was filtered with filter 
paper (Whatman’s No.1). The filtrate was collected and stored 
in a refrigerator at 4°C. The turmeric roots were also properly 
washed with distilled water, chopped into pieces using a knife, 
and sun-dried for three days. The turmeric roots were then 
processed into a 100-mesh powder. 15 g of turmeric powder 
was added to an Erlenmeyer flask containing 300 ml of 95% 
ethanol and heated for 5 minutes. The mixture was cooled and 
then centrifuged in batches for about 15 minutes at 8,000 rpm 
[43]. Finally, the supernatants (curcumin) were collected in a 
clean polyethylene bottle and stored in a refrigerator at 4°C.

Biosynthesis of MnO2 nanoparticles

The biosynthesis of MnO2 nanoparticles was performed via the 
utilization of lemon extract as a reducing agent and curcumin 
as a stabilizing agent. One millimole of manganese acetate (II) 
aqueous solution was prepared for the synthesis. The prepared 
manganese acetate aqueous solution was placed into a clean 
beaker and heated with a magnetic stirring plate. The lemon 
extract was progressively mixed into the manganese acetate 
aqueous solution while stirring. The mixture was stirred for 
1 hour. To stabilize the nanoparticles, curcumin was added 
to a beaker containing a mixture and allowed to stir again 
for 1 hour. Then, the samples were centrifuged at 8,000 rpm 
for 15 min and then washed with distilled water and ethanol 
several times [43]. Following centrifugation, the resultant 
precipitations were collected and then dried in a water bath 
at 40°C [44]. The effects of the reaction variables such as 
temperature, pH, and lemon extract ratio were investigated 
and presented in a statistical experimental design (Section 
"Statistical experimental design"). The overall procedure for 
the biosynthesis technique is shown in Scheme 1.

The proposed reaction mechanism

Several research studies rely on the biomolecules that power 
the environmentally friendly synthesis of nanoparticles. 
However, the nature of the reaction between ionic compounds 
and biological extracts is not entirely well understood. 
Manganese ions (Mn2+) are generated in an aqueous solution 
of manganese (II) acetate [(CH3COO)2 Mn·4H2O]. When the 
lemon extract is allowed to mix with the aqueous solution of 
manganese acetate, manganese metal ions begin to reduce 
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into manganese metal atoms. The reduced manganese atoms 
may combine with oxygen originating from the atmosphere 
or degraded phytochemicals to form MnO2. Subsequently, 
MnO2 tends to link with each other through electrostatic 
attraction to form MnO2 nanoparticles. The phytochemicals 
from curcumin stabilize the nanoparticles by preventing 
agglomeration. 

Characterization of MnO2 nanoparticles

A UV-visible spectrophotometer was used to identify the 
formation of MnO2 nanoparticles at a wavelength of 350 nm. FT-
IR (Nicolet iS50, USA) spectral study was utilized to determine 
the biomolecules based on the changes in the functional 
groups found in the sample, including the nanoparticles. It 
was investigated at a wavelength ranging from 475 to 4,000 
cm-1. FESEM (FEI, Inspect F50) was employed to investigate the 
surface morphology of the MnO2 nanoparticles. The samples 
containing the nanoparticles were mounted on aluminum 
stubs with conductive carbon tape and scanned.

Optimization of reaction variables 

Statistical analysis: The optimization strategy in the 
synthesis of MnO2 nanoparticles serves to find the best 
experimental conditions to achieve a stable result [45]. 
RSM is a statistical method in which quantitative data from 
experiments is used to create regression model equations and 
operating conditions [46]. This can be done by performing 
a preliminary screening design to predict which of the 
experimental reaction variables and their interactions have 
significant effects on the synthesis. RSM is a group of statistical 
techniques used to define the relationship between input 
variables and reaction responses. It is usually used to justify the 
relationship between input variables and reaction responses, 
to determine the significance of the different variables, and 
to predict the optimal values that provide maximum product 
yield.

Statistical experimental design: Among the statistical 
experimental design techniques, the response surface 

 
 

  

 
  

Scheme 2. Shows the proposed reaction mechanism for the biosynthesis of MnO2 nanoparticles. In this regard, lemon extract was employed 
to reduce Mn2+ to Mn. The reduced Mn then reacted with oxygen obtained from the degradation of phytochemicals in the extracts or from 
the air to form MnO2. Due to the electrostatic attraction, MnO2 tends to combine to form nanoparticles. 

 
 

 

  
Scheme 1. Preparation procedure for MnO2 nanoparticles. From the Figure, MnO2 nanoparticles were synthesized from aqueous manganese 
(II) acetate solution. Lemon extract was utilized to reduce manganese ions and Turmeric extract (curcumin) was used to stabilize the 
nanoparticles. Ethanol (95%) was used to extract curcumin from turmeric roots. Wondershare EdrawMax was employed to generate this 
figure.
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method was selected to study the effects of the main variables 
and their interactions. The CCD is one of the most commonly 
utilized experimental design methods within RSM. It provides 
additional extreme values by overshooting the given values 
of variables and offers a good-quality prediction of the 
interaction effects [47]. Moreover, the significance of CCD is to 
generate a second-order model that contains the interacting 
terms that provide information on the correlation of the 
reaction variables with each other [48]. In the optimization 
study, the volume ratios (50%, 62.5%, and 75%) of lemon 
extract to one millimole of manganese (II) acetate aqueous 
solution at various pH values (3, 3.5, and 4) were mixed for 1 
hour at different temperatures (50°C, 55°C, and 60°C) under a 
hot plate of a magnetic stirrer. After 1 hour of stirring, 20 ml of 
curcumin was added to the beaker containing the mixture, and 
stirring was continued for 1 hour. The pH of the reaction was 
adjusted with 10% NaOH or 10% HNO3 [32]. Based on the CCD 
method, 20 experiments with two levels were designed using 
Design Expert 12 software. The actual values of each run were 

taken to optimize the effect of temperature, pH, and lemon 
extract ratio on the synthesis, as shown in Table 1. These actual 
values were recorded by measuring the absorption intensity 
using a UV-visible spectrophotometer (Shimadzu: UV-1800). 
The samples were scanned in the wavelength range of 200 to 
1000 nm to investigate the optical absorption spectra of MnO2 
nanoparticles.

Results and Discussion

Characterization of MnO2 nanoparticles 

UV-visible spectral analysis of MnO2 nanoparticles: 
The formation of MnO2 nanoparticles was detected using 
a UV-visible spectrophotometer. The absorption intensity 
of nanoparticles detected with UV-visible spectroscopy 
depends on the concentration of nanoparticles in the sample 
solution. An increased concentration of the nanoparticles in 
the sample can desirably enhance the absorption intensity 

Table 1. Experimental setup using CCD for the synthesis of MnO2 nanoparticles and absorption intensity. The reaction variables of lemon 
extract ratios (50%, 62.5%, 75%), pH of (3, 3.5, 4), and temperatures of (50°C, 55°C, 60°C) were designed using Design Expert 12 software. 
Based on the central composite design 20 runs of experiments were conducted as shown in the table to investigate the effects of these 
variables on MnO2 nanoparticles.

Run A: Temperature, °C  B: pH C: Lemon extract ratio, % 
Absorbance intensity at 350 nm

Actual value Predicted value 

1 55 3.5 62.5 1.012 1.012

2 55 3.5 62.5 1.079 1.012

3 60 4 75 0.865 0.806

4 55 3.5 62.5 1.109 1.012

5 55 3.5 62.5 0.995 1.012

6 60 4 50 0.715 0.658

7 55 3.5 41.5 0.826 0.802

8 46.6 3.5 62.5 1.195 1.100

9 60 3 50 0.783 0.763

10 55 3.5 62.5 1.028 1.012

11 60 3 75 0.947 0.878

12 50 4 75 1.123 1.074

13 63.4 3.5 62.5 0.854 0.832

14 55 2.7 62.5 0.772 0.696

15 50 3 75 1.147 1.133

16 50 4 50 0.718 0.717

17 50 3 50 0.821 0.810

18 55 4.3 62.5 0.602 0.558

19 55 3.5 83.5 1.297 1.199

20 55 3.5 62.5 1.107 1.021
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[49]. In our previous study, the absorbance spectrum of MnO2 
nanoparticles in run 1 (see Table 1) is shown in Figure 1. The 
reaction variables involved in this run were a temperature 
of 55°C, a pH of 3.5, and a lemon extract ratio of 62.5%. The 
absorption spectrum for this run was detected as a maximal 
absorption at a wavelength of 350 nm with an absorption peak 
intensity of 1.012. The absorption intensities of the other runs 
were determined based on the preset wavelength position of 
the first experiment. The detection of an absorption band at 
350 nm clearly indicates the formation of MnO2 nanoparticles 
and is in line with the results reported previously [50].

FESEM analysis of MnO2 nanoparticles: The surface 
morphology of MnO2 nanoparticles synthesized under optimal 
conditions such as a temperature of 50°C, a pH of 3.4, and a 
lemon extract ratio of 75% was examined using a scanning 
electron microscope, as shown in Figure 2. The particles are 
agglomerated and interconnected together to form small 
clusters. These interconnected clusters in the micron range 
are generated by the aggregation of phytochemicals and 
nanoparticles [51]. Previous research demonstrated that the 
type of aggregation generated by the reducing and capping 
agents has a significant impact on the surface morphology 

 
 

 

 

  Figure 1. Depicts a UV-visible spectrum of MnO2 nanoparticles conducted in the author's former published article [35]. A UV-visible 
spectrophotometer (Shimadzu: UV-1800) was utilized and the samples were scanned in the wavelength ranging from 200 to 1,000 nm. The 
optimization of the reaction variables was estimated by recording the absorption intensity at 350 nm.

 
 

 

 

  Figure 2. Shows the surface morphology of MnO2 nanoparticles. A scanning electron microscope (FEI, Inspect F50) was used to show the 
surface morphology nature of the MnO2 nanoparticles. The surface morphology was carried out based on the values. A scanning of the 
optimal reaction variables such as a temperature of 50°C, a pH of 3.4, and a lemon extract ratio of 75%. According to surface morphology, 
the nanoparticles are agglomerated and interconnected to form clusters in the range of microns. 



  
  Mekuria AT. Biosynthesis of Manganese Dioxide Nanoparticles and Optimization of Reaction Variables. J Nanotechnol 
Nanomaterials. 2024;5(1):31-45.

J Nanotechnol Nanomaterials. 2024
Volume 5, Issue 1 36

of MnO2 nanoparticles, which in turn affects the size and 
surface area of nanoparticles [52,53]. Because of their long-
term affinity, the nanoparticles clump together despite 
having a larger surface area [54]. Furthermore, environmental 
variables may influence the spontaneous aggregation of 
nanoparticles into asymmetrical clusters [55]. The developed 
MnO2 nanoparticles have appeared to be rod-shaped and are 
in good agreement with previous findings [56]. 

FT-IR analysis of MnO2 nanoparticles: Figure 3 depicts 
the FT-IR spectra of MnO2 nanoparticles synthesized at the 
optimal variables. The spectrum band detected at 3270 
cm-1 shows the phenolic hydroxyl group (-OH) found in the 
phytochemicals. The peak detected at 2930 cm-1 is due to the 
presence of carbon-hydrogen stretching. The band shown 
at 1590 cm-1 is related to the C = C stretching vibration of 
aromatic compounds [57]. The peaks found at 1435 cm-1 
and 1265 cm-1 correspond to C-H and C-H, respectively. 
A significant peak appeared at 1032 cm-1 is attributed to 
C-O in flavones, polysaccharides, and terpenoids that are 
largely found in plant extracts used as reducing and capping 
agents in the synthesis process, as reported in the literature 
[58]. These plant extract components play a greater role in 
manganese ion reduction and stabilization, which prevent the 
accumulation of nanoparticles together. The peaks that are 
detected in the range of 1400–1000 cm−1 are due to the Mn-
OH surface [59]. FT-IR detected the bio-organic compounds 
such as alkaloids, flavonoids, and phenols found in the lemon 
extract that are essential in the manganese metal reduction, 
as reported in [60]. The absorption intensity peak at 558 cm-1 
is ascribed to the stretching vibration of O-Mn-O that confirms 
the presence of MnO2 nanoparticles, and it is in agreement 
with the previously studied literature [59,61,62]. 

The effect of reaction variables on MnO2 nanoparticles

Temperature, plant extract, and pH are crucial variables 
that must be optimized to synthesize nanomaterials [63]. 
In this study, a high lemon extract ratio (75%) has favored 
the formation of MnO2 nanoparticles and is in line with the 
previous documented work [34]. In another study, a high 
concentration of lemon extract with the precursor solution 
4:1 (lemon extract: AgNO3) favored the synthesis of silver 
nanoparticles [64]. This may be attributed to the presence 
of phytochemical components such as ascorbic acid and 
phenolic compounds in lemon extract that can efficiently 
reduce metal ions to form nanoparticles [65]. The increased 
number of reducing species in lemon extract, particularly 
ascorbic acid, and citric acid, are associated with carboxylic 
functional groups, while proteins and free amino acids are 
associated with the amine group (N–H), which are all rich in 
lemon extract [66]. The three-carboxylate groups existing in 
citric acid enabled lemon extract to generate stable metal 
ion complexes. To control the size and morphology of a wide 
spectrum of nanoparticles, researchers have utilized citric 
acid as a reducing and stabilizing agent [66,67]. In addition, 
some authors reported that a low concentration of lemon 
extract in the precursor solution 1:9 (lemon extract: AgNO3) 
was preferred for the synthesis of silver nanoparticles [68]. 
However, the author suggests that a sufficient concentration 
of biomolecules is essential for the efficient conversion of 
metal ions into nanoparticles. A polyphenolic compound 
that exists in curcumin has a relatively high stability potential 
for nanoparticle synthesis. There is evidence for the efficient 
stability performance of nanoparticles via the utilization of 
curcumin [69,70].

 
 

 

  Figure 3. The different functional groups originating from the extracts and the formation of nanoparticles in the samples were investigated 
using Fourier transform infrared spectroscopy (Nicolet iS50, USA). According to this investigation, the MnO2 nanoparticles are detected at 
558 cm-1.
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Temperature is another important variable in the synthesis 
of nanoparticles. The effect of temperature in this study was 
investigated by considering temperature values ranging from 
46.5°C to 63.4°C. In this regard, the optimal temperature of 50°C 
was found to be effective for the formation of nanoparticles, a 
similar result was obtained by the previous work [71]. However, 
at a very low temperature, the synthesis of nanoparticles cannot 
be achieved, as evidenced by silver nanoparticle synthesis 
at 5°C [72]. The biomolecules engaged in the reduction of 
the metal precursor’s ion may have a higher kinetic energy 
when the reaction temperature rises, and this enhances the 
consumption of metallic ions more quickly. Most biosynthesis 
techniques are carried out at room temperature, as reported 
in some literature [73,74]. In another study, Hygrophila spinosa 
extract-mediated synthesis of gold nanoparticles was found 
to be ineffective at room temperature, as reported [75]. On 
the contrary, some authors reported nanoparticle synthesis 
even at higher temperatures (70°C) [44]. Furthermore, using 
the extract of Hygrophila spinosa, gold nanoparticles were 
synthesized at a reaction temperature of 80°C [75]. I suggest 
that higher temperatures may deactivate the phytochemical 
compounds that are responsible for the metal ion reduction 
and stabilization of the nanoparticles.

The activity levels of biomolecules used in the biosynthesis 
of nanoparticles can vary depending on the pH of the reaction 
medium. In this study, a pH of around 3.4 was found to be the 

optimal value. A similar pH value was obtained in the study 
of manganese nanoparticle synthesis using lemon extract 
[57]. The pH value is found in the acidic medium due to the 
presence of ascorbic and citric acids in lemon extract. In 
the study of manganese dioxide green synthesis via Yucca 
gloriosa leaf extract, the optimum pH value was 6 [76]. In 
another study of manganese dioxide nanoparticle green 
synthesis using Malpighia emarginata leaf extract, the pH of 
the reaction medium was found to be 11 [77]. Therefore, it can 
be concluded that the adjustment of pH may vary depending 
on the type of plant extract utilized and the alkalinity of the 
precursor solutions involved in the process of nanoparticle 
synthesis.

Statistical analysis 

Analysis of variance: The absorption intensities calculated 
using the model equation and the corresponding measured 
experimental absorption values agree well, as shown in Table 
2. In addition, there is good agreement between the measured 
and predicted response values, as indicated by the closeness 
between R2 (0.9669) and the fitted R2 (0.9370) shown in Table 
3. This means that the predicted values are closer to the actual 
values, and the quadratic polynomial model is therefore 
of great importance for the prediction of the experimental 
variables [78,79]. The signal-to-noise ratio was determined 
using Adeq precision and is greater than 4, which indicates the 

Table 2. Variance analysis of the quadratic model for the synthesis of MnO2 nanoparticles. As shown in the Table, the Prob. > F value of a 
model is less than 0.05 revealing that the model including the individual variables is statistically significant.

Source Sum of 
square Df Mean square F value P-value 

Prob >F

Model 0.6486 9 0.0721 32.41 <0.0001 Significant

A: temperature (°C) 0.0842 1 0.0842 37.88  0.0001

B: pH 0.0232 1 0.0232 10.43  0.0090
C: lemon extract 

ratio (%)
0.2503 1 0.2503 112.57 <0.0001

AB 0.0001 1 0.0001 0.0297  0.8665

AC 0.0217 1 0.0217 9.78  0.0108

BC 0.0005 1 0.0005 0.2375  0.6365

A² 0.0040 1 0.0040 1.80  0.2099

B² 0.2664 1 0.2664 119.82 <0.0001

C² 0.0001 1 0.0001 0.0350  0.8553

Residual 0.0222 10 0.0022

Lack of Fit 0.0099 5 0.0020 0.7970  0.5953 not significant

Pure Error 0.0124 5 0.0025

Cor Total 0.6708 19
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model is appropriate, as shown in Table 3. The corresponding 
Prob. >F value of the model is less than 0.05 and is therefore 
statistically significant [80,81]. A, B, C, and B2 are significant 
model terms, as indicated in Table 2. In general, the results 
of the statistical analysis showed that the model describes a 
good agreement between the independent variables and the 
response. A quadratic polynomial model with all variables 
given in coded values is presented below [82].

Figure 4a shows that the concentration to lemon extract 
ratio has a positive effect and thus increases the synthesis 
rate of the nanoparticles. As the concentration of lemon 
extract increases, the absorption peak of the synthesized 
nanoparticles also increases. However, temperature has 
an inverse relation to absorption; decreasing temperature 
increases absorption. The pH value has a stronger effect on 
absorption, which is in the middle range. The reference point 
at x = 0 shows the interaction of the variables, while the lateral 

positions represent the actual conditions. It can be observed 
that the lemon extract ratio is the most significant variable 
in the model. The actual and predicted values of absorption 
peak intensity are shown in Figure 4b, where the regression 
coefficient (R2 = 0.9669) shows a good agreement with the 
proposed model.

Analysis of interaction effects: The cumulative and 
individual effects, as well as the joint interactions between 
the independent variables, were described using three-
dimensional surfaces and contour plots developed from the 
regression mode of CCD [83]. The interaction effects between 
temperature and pH in terms of the intensity of the absorption 
peaks of the three-dimensional surface and contour plots 
are shown in Figures 5a and 5b respectively. When the 
temperature decreases from 60°C to 50°C and the lemon 
extract ratio remains at 62.5%, the absorption peak intensity 
increases from 0.9 to 1.1. However, at a temperature of 60°C and 
a pH of 4, the absorption intensity decreases to less than 0.9. 
In the combined effects of temperature and pH, the maximum 
absorption intensity of 1.1 is achieved at a temperature of 50°C 

Table 3. The summary statistics of the fitted model to the absorbance of MnO2 nanoparticles at 350 nm. As indicated in the table the R2 
(0.9669) and the fitted R2 (0.9370) values are closer to each other revealing that the experimentally measured and predicted values are in 
good agreement. Additionally, this indicates that a quadratic polynomial model can be employed to predict the reaction variables. 

Std. Dev. 0.0472 R² 0.9669

Mean 0.9501 Adjusted R² 0.9370

C.V. % 4.9600 Predicted R² 0.8594

Adeq Precision 20.2439

 
 

 

 

  
Figure 4. (a) displays the perturbation diagram that contrasts the effects of temperature -A, pH -B, and lemon extract ratio -C on yield; 
and (b) the expected versus actual diagram depicting the correlation between the actual and predicted values. The formation of MnO2 
nanoparticles is favored when lemon extract ratio increases, temperature decreases, and pH around the middle as shown in Figure 4a. The 
diagrams are generated using Design Expert 12 software. A regression coefficient (R2 = 0.9669) was obtained which shows that the actual 
and predicted values are in good agreement as depicted in Figure 4b.
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and a pH of about 3.4. The interaction between lemon extract 
ratio and temperature on absorbance is shown in Figures 
6a and 6b as a three-dimensional surface and contour plot, 
respectively. When the temperature decreases from 60°C to 
50°C and the lemon extract ratio increases from 50% to 75% 
while the pH remains at 3.5, the absorption intensity increases 
to 1.2. An increase in the concentration of lemon extract is 

correlated with an increase in the yield of MnO2 nanoparticles. 
This indicates that the quantity of effective ingredients present 
in lemon extract exerts the greatest influence on the synthesis 
of MnO2 nanoparticles. The interaction effect of pH and lemon 
extract ratio is depicted as three-dimensional surface and 
contour plots in Figures 7a and 7b, respectively. When the 
lemon extract ratio is higher, or at 75% and the pH is around 

 
 

 

  Figure 5. Three-dimensional surface (a) and contour plot (b) illustrate the interaction effect of temperature and pH on the nanoparticle 
synthesis. From both Figures, the interaction of temperature and pH in terms of absorbance is indicated. A lower temperature of 50°C and 
pH in the middle (3.4) favors the formation of the nanoparticles. This diagram was generated using Design Expert 12 software. 

 
 

 

  Figure 6. Three-dimensional surface (a) and contour plot (b) show the interaction effect of lemon extract ratio and temperature on the 
nanoparticles synthesis. A combination of a high lemon extract ratio of 75% and a low temperature of 50 °C favors the formation of 
nanoparticles as illustrated in both Figures. This diagram was generated using Design Expert 12 software. 
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the middle of 3.4, then the absorption peak goes up to 1.1. 
However, at a lower lemon extract ratio of 50% and a high pH 
of 4, the absorption intensity decreases to 0.8. 

Optimization of the model and reaction variables: 
The response surface analysis may identify the set of input 
variables that result in the intended response, making it 
a practical and effective tool for optimizing experimental 
variables. Optimizing these variables is essential to achieve the 
optimal circumstances for the yield of MnO2 nanoparticles. In 
this study, the lemon extract ratio, pH, and temperature were 
adjusted by the associated responses. The Beer-Lambert Law 
states that the concentration of nanoparticles and their light 
absorbance are directly correlated [84,85]. This law is stated 
as A = ɛbc, where A is absorbance, ɛ is the molar extinction 
coefficient in units of M-1cm-1, b is the sample's path length 
in centimeters, and c is the concentration of nanoparticles 
in the solution in units of M. High absorbance values in this 
sense indicate a high concentration of MnO2 nanoparticles. 
The response surface approach was used to find the variables 
that fit the best desirability associated with the concentration 
of nanoparticles. About 58 ideal solutions were generated by 

applying numerical optimization techniques to a quadratic 
polynomial model. The ideal values of all variables, including 
desirability, out of the available optimal solutions were 
selected by default. In this regard, the values of the variables 
such as temperature of 50°C, pH of 3.4, lemon extract ratio of 
75%, and the maximum projected absorbance intensity of 
1.304 were selected with a desirability of 1.00.

The experimental model validation: It is suggested 
that the predicted value is closer to that of the actual value 
of MnO2 nanoparticle yield with a correlation coefficient 
of R2 = 0.9669, as depicted in Figure 4b. This implies that 
the proposed model has been effectively developed by 
establishing correlations among the independent variables 
in the yield of MnO2 nanoparticles. The validation was carried 
out under optimal conditions. To check the model validation, 
triplicate experiments were conducted by employing the 
optimal values, and the corresponding UV-visible absorption 
intensities were measured at a wavelength of 350 nm. 
Subsequently, the experimental and predicted values were 
compared. The resulting experimental absorption intensities 
were recorded as shown in Table 4, with an average value of 

Table 4. Triplicate experiments were conducted at optimal conditions and measured absorption. The validity of the model was checked 
by conducting triplicate experiments of the optimal values and their corresponding UV-visible absorption intensities were recorded at a 
wavelength of 350 nm. The average experimental absorption intensity was 1.260 ± 0.034 and this confirmed that the model is valid with a 
percentage error of ± 0.034.

Run temperature (°C) pH lemon extract ratio (%)
Absorption intensity at 350 nm

experimental predicted 

1 50 3.4 75 1.242 1.304

2 50 3.4 75 1.281 1.304

3 50 3.4 75 1.258 1.304

 
 

 

 Figure 7. Three-dimensional surface (a) and contour plot (b) depict the interaction effect of lemon extract ratio and pH on the nanoparticles 
synthesis. A high lemon extract ratio of 75% and a pH of around 3.4 have a positive effect on the synthesis of MnO2 nanoparticles. The 
diagram is generated by Design Expert 12 software.
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1.260 ± 0.034. The absorption intensities of the experimental 
values are found to be in line with the predicted values 
calculated using the model equation. The validity of the model 
was confirmed by the calculated percentage error of ± 0.034, 
which is greater than ± 0.05, indicating the closeness of the 
predicted and experimental values.

Applications of MnO2 nanoparticles

MnO2 nanoparticles offer a wide range of applications due to 
their diverse properties. They can absorb and intercalate ions 
in their structure, making them suitable for energy storage. 
The electrochemical capacitors developed using MnO2 
oxides offer increased power density and faster charging 
and discharging times. MnO2 nanomaterials are not only 
good for pseudo-capacitance but also cost-effective and 
environmentally friendly [86]. α-MnO2 has a wide surface 
area and homogenous pore dispersion, which results in the 
highest electrochemical capacitance as studied previously 
[87]. In addition, MnO2 nanoparticles can be used as a 
photocatalyst for oxidizing organic compounds, including 
colors. MnO2 nanoparticles can degrade methylene blue 
dye at a temperature of 50°C, and pH of 3.5 under sunshine 
irradiation, as previously reported [35]. At room temperature, 
MnO2 with a crystalline tunnel-structured photochemically 
oxidized propanol to acetone [88]. A β-MnO2 nanorod was 
employed in Fenton-type reactions in the presence of H2O2 
to decompose methylene blue dye [89]. Furthermore, MnO2 
nanoparticles are good adsorbents in wastewater treatment. 
The octahedral molecular arrangement of MnO2 nanoparticles 
has sieves with a large surface area, making them effective in 
adsorbing organic contaminants, including heavy metals, 
in water [90]. MnO2 nanoparticles can be utilized with 
magnetic materials to enhance adsorption and are effective in 
wastewater treatment. These adsorbents can be regenerated 
by using an external magnetic field [91]. MnO2 nanoparticles 
are also used in biomedical applications. They are used to 
detect glutathione and xenoestrogens and can also serve 
as non-enzymatic H2O2 and thiol sensors [92]. Furthermore, 
MnO2 nanorods are effective in sensing potassium ions [93]. 
In general, MnO2 nanoparticles have multiple functions in 
human life.

Conclusions

•	 Sustainable plant extracts improve nanoparticle synthesis 
with minimal environmental impact. The biosynthesis 
of MnO2 nanoparticles provides a biocompatible, 
environmentally benign, low-cost, and time-saving 
technique. MnO2 nanoparticles were synthesized 
by reducing manganese ions with the aid of natural 
lemon extract and bioactive curcumin to stabilize the 
nanoparticles. 

•	 The characterizations of the nanoparticles were carried 
out using UV-visible spectroscopy, a field emission 

scanning electron microscope, and Fourier's transform 
infrared spectroscopy. Based on UV-visible spectroscopy 
analysis, the nanoparticles showed an absorption peak at a 
wavelength of 350 nm. The scanning electron microscope 
indicated that the nanoparticles were rod-shaped. 
Fourier's transform infrared spectroscopy detected an 
absorption peak at 558 cm-1, which corresponded to the 
stretching vibration of O-Mn-O.

•	 The response surface methodology was employed to 
optimize temperature, lemon extract ratio, and pH for 
the biosynthesis of MnO2 nanoparticles. The highest 
concentration of lemon extract was the most important 
variable in nanoparticle synthesis, followed by a low 
temperature and a pH value in the middle range. Lemon 
extract contains the most potent bioactive components, 
which contribute to the synthesis of MnO2 nanoparticles. 
The formation of nanoparticles at lower temperatures can 
be attributed to the deactivation of the phytochemicals in 
plant ingredients at higher temperatures. 

•	 MnO2 nanoparticles are used in a variety of applications, 
including energy storage, photocatalysts for the oxidation 
of organic compounds, adsorbents in wastewater 
treatment, sensors, and detectors for a wide range of 
biomedical molecules, etc.
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