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Abstract The manganese dioxide nanoparticles (MnO2 NPs) were synthesized using Vernonia

amygdalina leaf extract which was used as a reducing, capping, and stabilizing agents due to the

presence of bioactive phytochemical compounds. Twenty five runs were designed to investigate

the effect of V. amygdalina leaf extract ratio (A), initial potassium permanganate (KMnO4) concen-

tration (B), pH (C), and reaction time (D) on the biosynthesized MnO2 NPs using 4-factor, 4-level

D-Optimal Response Surface Quadratic Design Model approach. The relationship between physic-

ochemical variables and absorption responses were established using transform second degree poly-

nomial quadratic model. The effects of each absorption responses were analyzed by ANOVA

principle using quadratic equations. A very low p-values (<0.0001), non-significant Lack of Fit

F-values, and reasonable regression coefficient values (coefficient R2 = 0.9790, adjusted

R2 = 0.9496, and predicted R2 = 0.8452) suggested that there is an effective correlation between

experimental results and predicted values. Numerical and graphical optimized results demonstrated

that the optimized conditions for the predicted absorbance at 320 nm (1.095) were suggested at

43.72%, 1.81 mM, 6.02, and 103.42 min for V. amygdalina leaf extract ratio, initial KMnO4 con-

centration, pH, and reaction time, respectively. Under these optimal conditions, the average absor-

bance from four experimental run was recorded to be 0.9678. This result was very closest to the

predicted values. The average size elucidated by X-ray diffraction (XRD) analysis was found in

the range between 20 nm and 22 nm. The stretching/or and vibrational, surface topography, ther-

mal, and surface roughness as well as its porosity distributions were investigated by UV–Vis
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spectroscopy, Fourier transforms infrared (FTIR), scanning electron microscopy (SEM), differen-

tial scanning calorimeter (DSC), and Gwyddion software analysis.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nanomaterials with good performance have a versatile and

superior properties corresponding to the bulk counterparts
(Bayoudh et al., 2015). Among these nanomaterials, metal
oxide nanoparticles (NPs) have concerned a considerable inter-
est attention due to their wide ranging potential applications

(Jaganyi et al., 2013). Metal oxides in the form of diatomite
ternary complex (Li et al., 2019a), core-shell structure (Yang
et al., 2014), diatom hybrid structure (Li et al., 2019b), and

ternary nanocomposites (Huang, 2019) exhibited a high super-
capacitors performances applications due to providing a fast
ionic channels. One of these oxide NPs, different forms of

manganese oxides (e.g., MnO, MnO2, Mn2O3, and Mn3O4)
are an interesting classes of inorganic materials due to having
wide range of oxidation states, various physical and chemical
properties, green nature, and cost-effectiveness (Jassal et al.,

2016; Kareem Jassem et al., 2019). MnO2 NPs have attracted
a required material of interest because of its low cost, compat-
ibility, environmental friendly nature, catalytic effectiveness

(Moon et al., 2015; Sen et al., 2013), electrochemical and sur-
face functionality (Dessie et al., 2020, 2019). Its existence in
different crystallographic forms like a, b, c, and d, redox sta-

bility, and fast electrokinetics activity due to its high surface
area and presence of large number of active sites makes
MnO2 NPs is an important functional material (Yuan et al.,

2014). Thus, the significant interest to synthesis and obtain a
well dispersed, uniform, and an ultrafine MnO2 NPs have been
a current strategy for wide range of applications (Moon et al.,
2015). In order to improve its application performance as well,

MnO2 could be synthesized through several chemical methods,
such as immersion (Le et al., 2019), hydrothermal (Chen et al.,
2018a), electrochemical (Mahmudi et al., 2018), precipitation

(Touach et al., 2016), and quick chemical precipitation tech-
nique at different temperature (Kareem Jassem et al., 2019).

Bitter Leaf (Vernonia amygdalina) is derived from the leaves

of a small ever-green shrub found in tropical Africa and Asia,
As the name implies, the leaf is bitter to taste (Alara et al.,
2019). The plant grows in a range of ecological zones in Africa

and the Arabian Peninsula (Adiukwu et al., 2017). It belongs
to Asteraceae and genus Vernonia family and used as a com-
mon traditional medicine in Ethiopia to treat various diseases
(Habtamu and Melaku, 2018). The crop has thousands of spe-

cies. These plant leaves have great nutritional, herbal, and
medicinal value. It was reported that, at least 13 other new
compounds have been found in these leaves (Boyo et al.,

2012). According to the work done by Alara et al. (Alara
et al., 2019), the ethanolic extract of V. amygdalina leaf con-
tains flavonoids, alkaloids, steroids, terpenoids, glycosides,

tannins, phenols, saponins, and the absence of anthraqui-
nones. The presence of such bioactive phytochemicals and
other secondary active molecules, such as resins, proteins, car-
bohydrates, and saponins in their leaves are responsible for an

anti-oxidants bioactivities (Alara et al., 2019; Nasrollahzadeh
et al., 2018). Such bioactivities help to synthesis NPs having
lower dimensional structure (<100 nm) (e.g., Ag2O)
(Widyaningtyas et al., 2019). Chemically, the presence of active

biomolecules in plants helps for nucleation and growth mech-
anism in green methodology for efficient metal oxide based
NPs preparation (Sanchez-Botero et al., 2017).

An extensive biological sources from plant extracts and
microorganisms help to synthesis NPs from its metal precur-
sors (Singh et al., 2016). Since, microorganisms (either bacteria

or fungi) mediated based synthesis is not feasible for large
scales production due to the requirements of highly aseptic
conditions, and cell culture maintenance. To solve these prob-
lems, emphasis are given to plant based synthesis rather than

microorganisms due to ease of improvement, i.e., it eliminates
the elaborate process of maintaining cell culture, safe to handle
with a full range of metabolites and other active groups, as well

as its simplicity to avoid complex mediated synthesis (multi-
step reactions) (Sila et al., 2019). Based on such criteria, plant
assisted synthesis of NPs have captured a considerable attrac-

tive interest in the areas of modern nano-science and technol-
ogy beyond its flexibility, biocompatibility, and eco-friendly in
nature (Prasad and Patra, 2017). Green method has preferred
and recognized as an alternative and efficient ways to prepare

NPs in a safe, eco-friendly, and biocompatible fashion
(Hoseinpour et al., 2018; Ogunyemi et al., 2019) while chemical
method which needs high cost and using toxic chemicals may

create some hazardous effect (Sivanesan et al., 2017). So, the
need to minimize such toxic reagents and to develop a well-
dispersed NPs using plants extracts are a well-established strat-

egy in the current research worldwide (Chatterjee et al., 2017;
Sanchez-Botero et al., 2017). Recent work supported that NPs
from various metal oxides have been synthesized using plant

extracts due to their primary anti-oxidant activity (Souri
et al., 2019) and efficiency in reducing capability (Hashem
et al., 2018). In addition, their stabilizing and capping ability
help to prevent a dense aggregation which may hinder the syn-

thesis of small sized NPs (Sila et al., 2019). Hope fully, it was
proved that plant bioactive chemicals extracted from its differ-
ent body parts have a continuous value added activities in var-

ious research’s (Adiukwu et al., 2017; Manjula et al., 2019;
Ogunyemi et al., 2019). It has been elucidated that most of
these biomolecules contains an active functional groups, such

as hydroxyl, aldehyde, amine, and carboxyl units, which are
a primary source of electrons (Baghkheirati and Bagherieh-
Najjar, 2016) and might play an important role in the reduc-

tion and stabilization of nanomaterial’s (Dare et al., 2015).
Nowadays, both top-down (dry) and bottom-up (wet)

methods have been a key strategy to synthesis well-dispersed
NPs. However, the imperfection of surface structure and sig-

nificant crystallographic damage problem associated with
top-down approach leads to prefer bottom-up methodology
(Sila et al., 2019). So, the biosynthesis of MnO2 NPs resulting

from bottom-up technique using different plant extracts, such
as chamomile (Matricaria chamomilla L.) (Ogunyemi et al.,

http://creativecommons.org/licenses/by/4.0/
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2019), Kalopanax pictus (Moon et al., 2015), Sapindus muko-
rossi (raw reetha) (Jassal et al., 2016), Vitis vinifera grape stems
and Malus domestica ‘Cortland’ apple peels (Sanchez-Botero

et al., 2017), Aegle marmelos (Sivanesan et al., 2017), Brassica
oleracea (cabbage) (Chatterjee et al., 2017), Phyllanthus amarus
(Prasad and Patra, 2017), lemon juice and peel extracts

(Hashem et al., 2018), Yucca gloriosa (Hoseinpour et al.,
2018; Souri et al., 2019), and Gardenia resinifera (Manjula
et al., 2019) have been well studied. However, the green synthe-

sis of MnO2 NPs using V. amygdalina leaf aqueous extract and
the way to optimize four main experimental conditions
(physicochemical parameters) for the better and stabilized fab-
rication using Design Expert Software strategy have not been

studied elsewhere. Hence, this is the first report to synthesis,
optimize, and characterize MnO2 NPs using leaf extract of
V. amygdalina.

Physicochemical parameters optimization using classical
methods through changing one factor per time is an inefficient
and time consuming strategy. Optimizing a single factor using

these methods is run by fixing the other factors without consid-
ering interactions among themselves. So, such optimizations
cannot provide a full insight between two parameter interac-

tions at a time (Liu et al., 2018a). Hence, an efficient, recent,
and cost effective mathematical and statistical analysis method
known as Response surface methodology (RSM) improves and
solves all demerits which were identified from classical meth-

ods. RSM is very popular experimental designs to reduce cost
and time. It has been widely applied to get the optimum con-
ditions during well dispersed and stabilized NPs synthesis fol-

lowed by evaluating interaction effects between each process
variables (Othman et al., 2017). The design of experiments is
a need for deriving a relationship between a response (depen-

dent variable) and a set of experimental factors (independent
variables) in many industries at large. However, a completely
randomized full factorial design is quite challenging to perform

a high number of experimental runs. In such a way as like as I-
optimal design, the D-optimal design would reduce the
required number of runs to a fraction of the full factorial
experiment (Yousefi et al., 2019). In order to achieve an opti-

mal conditions for MnO2 NPs synthesis using Yucca gloriosa
leaf extract Souri et al. (Souri et al., 2019), have been reported
only 3-factor with 3-level optimization using I-optimal coordi-

nate exchange Design. Since three factors and three levels opti-
mization strategy still lacks to synthesize a well dispersed and
stabilized NPs. Therefore, it needs to add an additional factors

and levels to obtain more optimized MnO2 functional NPs.
Hence to be successful, further research should be needed.
So, in this paper, we report a facile green method to synthesize
MnO2 NPs by using potassium permanganate (KMnO4) as a

starting material and V. amygdalina leaf aqueous extract and
employing 4-variables:4-levels followed by analyzing their
interactions was conducted for optimization to obtain the

higher yield after optimization with D-Optimal Response Sur-
face Quadratic Design Model approach.
2. Materials and methods

2.1. Materials

Potassium permanganate (KMnO4) 99% was supplied by
Alpha Chemika (Mumbai, India). The chemical and solvent
available for these work were analytical grade and used as
received without further purification. Distilled water was used
for all experimental run. A double beam UV–Vis spectroscopy

(Azzota SM-1600 SPECTROPHOTOMETER, USA) was
helped to elucidate and measure the optical properties in the
range of 200–800 nm. The thermal analysis was performed

using a differential scanning calorimeter (PerkinElmer, DSC
4000, USA). A sample mass of 2.8 mg was placed in DSC alu-
minum pan. The test was carried out with an empty aluminum

pan as a reference, nitrogen (N2) atmosphere with flow rate of
20 mL min�1, and a heating rate of 10 �C min�1 with a process
scheme of rapid isothermal treatment to 50 �C in 1 min and
then heated from 50 �C to 445 �C. The crystalline phase of

the synthesized MnO2 NPs was performed using Shimadzu
diffractometer (XRD-7000, Tokyo, Japan) with a voltage of
40 kV and a current of 30 mA using at (Cu Ka = 1.5406 Å)

radiation as an X-ray source. The scanning rate was 2� min�1

in the 2h range from 10 to 80� and the crystallite size of the
nanoparticles was found using the Scherrer’s formula. Fourier

transforms infrared (FTIR) spectra of the samples were
recorded with a Perkin Elmer FT-IR BX spectrophotometer
in the range 4000–400 cm�1 with samples prepared using

KBr pellets. SEM was performed using a JEOL Ltd. instru-
ment with a model of JCM-6000Plus to observe the structural
morphology of MnO2 NPs. After importing the SEM image to
the Gwyddion software (http://gwyddion.net), display of 3D

data, the height distribution, surface roughness, and pore
structure of MnO2 NPs surface was distinguished, calculated,
and recorded.

2.2. Collection of plant leaf

Fresh leaves of V. amygdalina was collected from Adama

Science and Technology University, Adama, Ethiopia (latitude
8o33043.5600 North and longitude 39o17023.2800 East) shown on
the supplementary (Fig. S1a). The collected plant leaf was

washed three times with distilled water and air dried in the
shade until the moisture content was completely removed.
The dried V. amygdalina leaf (Fig. S1b) was grounded to
reduce its size physically using mortar and pestle to tiny parti-

cles (Fig. S1c) and stored in polythene bags until used.

2.3. Preparation of plant extract

10 g dried powder of V. amygdalina was boiled followed by
stirring for 15 min in 250 mL Erlenmeyer flask filled with
200 mL of distilled water. A dark brown color extract solution

was obtained (see Fig. S2a). The extract was allowed to settle
for 30 min at room temperature. Then, the clear extract was
collected by filtration using Whatman no. 1 filter paper (see

Fig. S2b), and centrifuged at 4000 rpm for 15 min. Finally,
the extract (supernatant) with a pH of 6.31 was collect in a col-
ored bottle and stored at 4 �C until further uses.

2.4. Biosynthesis of MnO2 nanoparticles

Different aqueous solutions of initial potassium permanganate
concentrations (0.5, 1, 1.5, and 2.5 mM) were prepared in dif-

ferent pH values (4, 5, 6, and 8). Twenty five (25) runs were
designed using Design-Expert 11 (version 11.0.5.0) to survey
the effect of plant extract, permanganate ion concentration,

http://gwyddion.net


Table 1 Response surface D-optimal design model for MnO2 NPs absorption results.

Std+ Run Factor 1 Factor 2 Factor

3

Factor 4 Absorbance (320 nm)

A: Extraction

(%)

B:Permanganate

ion (mM)

C:pH - D:Time

(Minute)

Actual (non-

transform)

Actual (transform

to sqrt)

Predicted (transform

to sqrt)

9 1 60 2.5 8 45 0.967 0.9834 0.9343

22 2 60 2.5 8 105 0.985 0.9925 1.02

24 3 20 1 4 105 0.212 0.4604 0.4908

15 4 60 1 5 75 0.263 0.5128 0.6090

19 5 20 2.5 5 75 1.056 1.03 0.9609

11 6 40 1.5 6 75 0.724 0.8509 0.8667

14 7 40 1.5 8 75 0.738 0.8591 0.8570

21 8 20 1.5 8 105 0.823 0.9072 0.9293

16 9 60 0.5 8 75 0.011 0.1049 0.1230

7 10 30 2.5 4 45 1.046 1.02 1.06

3 11 30 2.5 8 45 1.051 1.03 1.12

17 12 30 0.5 6 45 0.022 0.1483 0.1720

18 13 30 0.5 6 75 0.029 0.1703 0.1505

12 14 40 1.5 6 75 0.832 0.9121 0.8667

4 15 60 1 6 45 0.314 0.5604 0.5640

8 16 20 1 4 45 0.387 0.6221 0.5155

23 17 40 2.5 4 105 1.054 1.03 1.03

6 18 60 0.5 4 45 0.034 0.1844 0.1723

1 19 60 2.5 4 45 1.156 1.08 1.07

13 20 40 1.5 8 75 0.862 0.9284 0.8570

5 21 20 2.5 8 45 1.371 1.17 1.15

25 22 20 1.5 8 105 0.886 0.9413 0.9293

2 23 20 0.5 8 45 0.043 0.2074 0.2070

10 24 20 1 4 60 0.132 0.3633 0.4638

20 25 60 0.5 4 105 0.178 0.4219 0.3658

+ Standard order; sqrt = square root.
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pH, and reaction time Table 1. To synthesis the required
MnO2 NPs, different volumetric ratios (20, 30, 40, and 60%)
of V. amygdalina crude extract were added to the above solu-

tions and stirred at room temperature for various time long
(45, 60, 75, and 105 min). Each of the samples (precipitates)
Scheme 1 Green synthesis protoc
was obtained by centrifuging at 4000 rpm for 15 min. Finally,
the obtained NPs were washed with distilled water and ethanol
several times (see Scheme 1), and the washed samples were sus-

pended in 10 mL distilled water for UV–Vis spectrophotomet-
ric measurements for optimization. The design expert software
ol for MnO2 NPs preparation.
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was used to evaluate the overall variance analysis
(probability < 0.5) at about 95% confidence interval to obtain
the superior yield of MnO2. Such better and higher yield in

terms of responses were stated using the fitted non-linear equa-
tion Eq. (1) given below. The correlation between the experi-
mental factors and the absorbance response at 320 nm was

also visualized using three dimensional (3D) graphs. The opti-
mum variables levels for the required yield are attained from
the RSM. Therefore, the following second order polynomial

equation was used to evaluate the relationship between differ-
ent physicochemical variables and the response (Othman et al.,
2017).

Y ¼ bo þ
Xn

i¼1

biXi þ
Xn

i¼1

biiX
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijXiXj ð1Þ

where Y is the predicted response (dependent variable), Xi, X
2
i ,

and Xj are independent variables in coded values; bo is the

model constant; bi is the linear effect; bii is the squared effect;
bij is the variable interaction effect, and n is the number of

levels and for these study four levels were chosen. For our
work a total of four factors are mentioned to optimize them.

2.5. Experimental design

Design of experiments is a systematic method that used to
determine the relationship between different independent

physicochemical factors and responses based on the statistical
significance of the designed model. For this experiment four
different experimental factors (independent variables) such as

(A) extraction, (B) permanganate ion, (C) pH, and (D) reac-
tion time values were studied. Their reasonable ranges with
the actual minimum and maximum values in terms of coded
symbol of ‘‘�1” and ‘‘+1”, respectively, are mentioned in

Table 2. According to the listed variables and their ranges, a
serious of cases was obtained based on best D-optimal design
response surface approach. However, the RSM optimization

of experimental parameters using central composite and Box-
Behnken designs are common but to optimize and control
parameters for long independent factors and coded levels cen-

trally are difficult (Liu et al., 2018a). Thus, the choice of an
optimal design with best D-optimal algorithm for our experi-
mental results are going to be chosen as the best recommended

model to build the precise fitting by adding different multi-
linear constraints and center of points followed by reasonable
point selection chances based on our needs. So, we can specify
the model we wish to fit but other designed models need a

specific pattern to the design points. As it saw from UV–Vis
absorption spectra of each run shown in Fig. S3 described that
Table 2 List of optimization parameters and their codded values.

Coded factor Parameters Units Type Minimum

A Extraction (%) Numeric 20.00

B Permanganate ion (mM) Numeric 0.5000

C pH – Numeric 4.00

D Time (Minute) Numeric 45.00
absorption intensity was increase and it depends on the con-
centration of the MnO2 NPs. An increase in the absorption
intensity indicated the better in solubility and dispersion of

the synthesized MnO2 NPs in solution (Souri et al., 2018).

2.6. Response surface methodology

The regression models and experiment design method justifica-
tion of physicochemical parameter dependence of high yield
MnO2 NPs using D-Optimal Response Surface Quadratic

Design Model approach was clearly understood in this work.
In order to illustrate the capability of the designed models,
the regression coefficient (R2), insignificant lack of fit, signifi-

cant model, and p-values were studied. Simultaneously, the
suggestion of linear, quadratic (squared), and two factor inter-
action (2FI) regression models were visualized. From the sug-
gested quadratic model, the sequential F-tests, lack-of-fit tests,

adjusted R2, predicted R2, and coefficient R2 values were eval-
uated to perform the acceptance of the designed RSM. For a
selected regression model, the significance of each physico-

chemical factor was examined from ANOVA analysis. Recent
research studies suggested that, the significant of the model
and insignificant Lack of Fit are the two main qualified

approaches for any response predictions to represent the
degree of fitting between the predicted model and the experi-
mental work (Chen et al., 2018b; Maghsoudy et al., 2019).
So, the designed RSM in our work are therefore an efficient

technique to manage all the experimental factors with accept-
able significant P-value (p-value < 0.05) which affect the yield
of MnO2 NPs during its synthesis in the presence of V. amyg-

dalina leaf extract.

3. Results and discussions

3.1. Statistical and regression model analysis

The model analysis to represent linear relationship between
two variables (statistical correlation) and to fit a best line, as
well as to estimate one independent variable on the basis of

another variable (regression) of MnO2 NPs absorption
responses with four physicochemical variables were examined
by using the least squares regression model technique. All
the polynomial models, such as linear, two-factor interaction

(2FI), fully quadratic, and cubic models were statistically eval-
uated (Table S1). Suggested but not aliased model from the
response surface was selected. Liu et al. (2018a) have reported

that estimation of aliased model is not needed due to the
insignificant correlation relation between predicted and exper-
Maximum Coded Low Coded High Mean Std. Dev.

60.00 �1 = 20.00 +1 = 60.00 38.40 16.75

2.50 �1 = 0.50 +1 = 2.50 1.48 0.7969

8.00 �1 = 4.00 +1 = 8.00 6.08 1.75

105.00 �1 = 45.00 +1 = 105.00 69.60 24.06



Table 3 Fit and model summary statistics for MnO2 maxi-

mum absorption at 320 nm.

Std. Dev. 0.0787 R2 0.9790

Mean 0.6992 Adjusted R2 0.9496

C.V. % 11.26 Predicted R2 0.8452

Adeq Precision 16.8861

PRESS 0.4576 �2 Log Likelihood �79.04

BIC �30.75 AICc 4.30

Scheme 2 Proposed reaction mechanism for biosynthesis of a-MnO2 NPs.
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imental data. In this study, MnO2 NPs was successfully synthe-

sized using V. amygdalina leaf extract as a stabilizing and
reducing agent (bioactive agents) (see the mechanism in
Scheme 2) while aqueous potassium permanganate solution
was used as a precursor at different experimental conditions

Table 1. Design-Expert 11 software (version 11.0.5.0) was
employed to build the absorption spectra as a response surface
model. During the analysis if the relationship unstable and

graphs those are not accurate, the aliased model (Cubic) can-
not be selected as a suggested model for these optimizations.
Furthermore, if the selected model is acceptable, the maximum

parameter coefficient R2, adjusted R2, and predicted R2 must
be deduced for the accuracy of the response surface. Therefore,
for our experimental work, the regression coefficient values
(coefficient R2 = 0.9790) means that 97.90% of both observed

and predicted data can be explained by using this model. The
Predicted R2 of 0.8452 is in reasonable agreement with the
Adjusted R2 of 0.9496; i.e. the difference is less than 0.2. On

the other hand, an Adequate Precision measures the signal-
to-noise ratio. A ratio greater than 4 is desirable. So, the ratio
of 16.8861 indicates an adequate signal. As a result, this model

can be used to navigate the design space. Therefore, the fully
quadratic model is finally selected to build the response surface
for the subsequent optimization process to perform a well-

stabilized MnO2 NPs synthesis Table 3.
Design-Expert 11, which is a statistical software package

from Stat-Ease Inc., provides an extensive diagnostic capabil-

ity to check how the statistical assumptions are conducted to
underlying the data analysis. So, from the UV–Vis spectropho-
tometer responses obtained by measuring the absorption of the

MnO2 NPs chosen at 320 nm and using the second-degree
polynomial mathematical equations Eqs. (2) and (3) in terms
of coded and actual factors are given as follows:
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Coded factor equation:

Sqrt Absorbanceð Þ ¼ þ0:8667þ 0:0161Aþ 0:4222B

þ 0:0118Cþ 0:0243D� 0:0196AB

� 0:0607ACþ 0:0452AD

� 0:0063BC� 0:0375BD

þ 0:0102CD� 0:0224A2

� 0:2706B2 � 0:0215C2 þ 0:0607D2 ð2Þ
where A, B, C, and D represents extraction, potassium per-
manganate ion, pH, and reaction time, respectively. The equa-

tion in terms of coded factors can be used to make predictions
about the response for given levels of each factor. By default,
the high levels of the factors are coded as ‘‘+1” and the low

levels are coded as ‘‘�1”. The coded equation is useful for
identifying the relative impact of the factors by comparing
the factor coefficients.

Actual factor equation:

Sqrt Absorbanceð Þ ¼ �0:697174þ 0:010220X1

þ 1:38556X2 þ 0:123204X3

� 0:011471X4 � 0:000979X1 �X2

� 0:001518X1 �X3 þ 0:000075X1

�X4 � 0:003130X2 �X3

� 0:001250X2 �X4 þ 0:000170X3

�X4 � 0:000056X2
1 � 0:270559X2

2

� 0:005387X2
3 þ 0:000067X2

4 ð3Þ
where X1, X2, X3, and X4 represents extraction, potassium per-

manganate ion, pH, and reaction time, respectively. The equa-
tion in terms of actual factors can be used to make predictions
about the response for given levels of each factor. Here, the
levels should be specified in the original units for each factor.

From the above two equations ‘‘Sqrt” refers square root, after
following normalization of the data transformation. Since for
any analysis if the ratio of maximum to minimum between

responses is greater than 10, it needs transformation. For
our study the maximum actual value is 1.371 while the mini-
mum value is 0.011 and their division is 124.636. So, this value

is greater than 10 and it needs transformation.
3.2. ANOVA or variance analysis

The evaluation of ANOVA with this quadratic model could
successfully describe all the experimental runs Table 4. To sug-
gest if the fitted model is relevant (significant), experimental
data in terms of Fisher’s (F-test), probability (P-value), and

coefficient of variation (R2), and Lack of Fit are used. Accord-
ing to Liu et al. (2018a), the p-value is the probability that the
given statistical model is the same as or greater magnitude than

the actual observed results when the null hypothesis is true. If
the p-value is small, the probability of the null hypothesis
occurrence is small. Therefore, smaller p-value of the model

corresponds to more significance of the results for all physico-
chemical parameters. From this works shown on the table, F-
values of the analyzed model term is 33.32 There is only a
0.01% chance that an F-value this large could occur due to
noise while p-values is < 0.0001. P-values less than 0.0500
indicate the suggested quadratic model is significant. The Lack
of Fit F-value of 5.04 implies the Lack of Fit is not significant

relatives to the pure error. There is a 10.59% chance that a
Lack of Fit F-value this large could occur due to noise.
Non-significant lack of fit is good, and we want the model to

fit and much enough to optimize the required physicochemical
parameters to synthesis an effective MnO2 NPs with better
yield. A high F-value with low p-value (<0.001) can show that

an optimization strategy is better with the proposed designed
model (Peng et al., 2020). Terms with significant quadratic
model indicate that the proposed model is sufficient and ade-
quate to explain the relationship between the experimented

independent variables (factors) under the corresponding
responses.

Residuals are the deviation between predicted and actual

(observed) values and expected to follow a normal distribution
if the experimental errors are random. The adequacy of the
model in terms of residuals should follow a straight line deduc-

ing that the errors are distributed normally (Fig. 1a). That is all
residuals are not correlated with each other as an effect during
positive and negative residual distributions. Thus, a random

scattering of experimental data points across the horizontal
line of residuals suggests that the proposed models are ade-
quate and the statement is also supported by other study
(Mondal and Purkait, 2017). Therefore, the distribution of

an experimental run through these lines follows a normal dis-
tribution at 95% confidence interval limit. This type of curve is
often formed due to the characteristic model accuracy i.e., the

set up model doesn’t need an additional transformation of the
response. The actual and predicted absorption values are indi-
cated in (Fig. 1b), where the determined regression coefficient

(R2) was (0.9780) and these indicated a good agreement with
the proposed model. The actual and predicted numerical lists
of data are given in Table 1, and the predicted values are nor-

mally produced from the fitted quadratic model. Therefore,
from the determined coefficient both responses are properly
in agreement within the limit of the functional physicochemical
independent variables.

The independence verification of the errors that clarified
some plots of the residuals versus predicted values are illus-
trated in (Fig. 2a). From these graph it is been able to visualize

the detecting possibility of an absorption response variables at
a given run. Such randomly distributed experimental runs
showed that there are no violations of any independent vari-

ables that affect an internally studentaized Residuals and these
suggest that the designed model is tolerable. Perturbation plot
which shows in (Fig. 2b) the initial permanganate ion concen-
tration has the sharp positive effect to increase the synthesis

rate followed by reaction time and extraction while effect pH
has a small contribution to the synthesized materials. All the
effects were also supported from their F-values. The reference

point at X = 0, shows the interaction of the line while the side
positions are actual conditions. It can be seen that the initial
permanganate ion concentration is the most prominent inde-

pendent variable of the model obtained from equation Eq.
(2) and Eq. (3). The straight line in (Fig. 2c) indicates that
the Studentized residuals follow a normal distribution. If the

data pint fits the line, the model is not noisy and the proposed
model is reliable. The developed model is in a very good agree-
ment with an experimental data. According to Liu et al.



Table 4 ANOVA for absorption response.

Source Sum of Squares df Mean Square F-value p-value

Model 2.89 14 0.2066 33.32 < 0.0001 significant

A-Extraction 0.0034 1 0.0034 0.5418 0.4786

B-Permanganate ion 1.68 1 1.68 270.55 < 0.0001

C-pH 0.0021 1 0.0021 0.3326 0.5769

D-Time 0.0075 1 0.0075 1.21 0.2979

AB 0.0033 1 0.0033 0.5245 0.4855

AC 0.0372 1 0.0372 5.99 0.0344

AD 0.0175 1 0.0175 2.83 0.1235

BC 0.0003 1 0.0003 0.0545 0.8202

BD 0.0101 1 0.0101 1.63 0.2301

CD 0.0011 1 0.0011 0.1712 0.6877

A2 0.0015 1 0.0015 0.2442 0.6318

B2 0.1791 1 0.1791 28.88 0.0003

C2 0.0013 1 0.0013 0.2081 0.6580

D2 0.0088 1 0.0088 1.42 0.2611

Residual 0.0620 10 0.0062

Lack of Fit 0.0571 7 0.0082 5.04 0.1059 not significant

Pure Error 0.0049 3 0.0016

Cor Total 2.95 24

Fig. 1 (a) Plot of residuals versus observation order and (b) Relationship between predicted and experimental values of MnO2 NPs yield.

Fig. 2 (a) Normal probability plots of residuals versus predicted; (b) Perturbation plot of MnO2 NPs yield optimization, and (c) Normal

plot of residuals.
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(2018a) report, if the residuals do not follow a normal distribu-
tion, S-shape significant curve is usually formed. This type of
curve is often formed due to the use of an inappropriate model.

So, in such a case the model needs an additional transforma-
tion of the response. Provided that, our model is transformed
to square root to avoid such limitations.
3.3. Effect of four variables on MnO2 NPs yield

To get the best insight about the two mutual effects of physic-

ochemical parameters for their responses while keeping the
other two variables constant to determine their effect on the
response as shown in the 2D contour plots and 3D graphs.

The percentage contribution of each term can be obtained by
adding up the total sum of squares in each term per total
sum which is shown in Table 4. So, in order to analysis the
degree of sensitivity behind each physicochemical parameter,

F-values of the model helps to prioritize the dominancy of
the factor that affects the experimental run. From an
experimental planning, the orders of influences on the

biosynthesis of MnO2 NPs are: B-Permanganate ion
initial concentration > D-Reaction time > A-Extraction
ratio > C-pH. From these order, the initial concentration of

the precursor (potassium permanganate, KMnO4) has the
most positive significant effect while pH has the least effect
on the biosynthesis of MnO2 NPs yield which was clearly sup-
ported from the perturbation plot.

The 3D absorption response surface and its 2D contour
plots are shown in (Fig. 3a–c). All the figures exactly described
the physicochemical variable interactions and their effects on

the biosynthesis of MnO2 NPs. Fig. 3a indicated that an
increase in initial potassium permanganate concentration plays
a more significant role for MnO2 NPs yield increment. The

yield of MnO2 NPs increases as the precursor concentration
increase within the given plant leaf extraction ratios. With
increase of permanganate initial concentration, the maximum

absorbance by the biosynthesized MnO2 NPs reaches at 1.5
< Absorbance < 2, which is clearly shown on the contour
plot. Fig. 3b illustrates the relationship between permanganate
initial concentration and pH. At a higher precursor initial con-

centration with 5 < pH < 7 results the possibility of higher
yield MnO2 NPs formation. Fig. 3c revealed that UV–Vis
absorption by the biosynthesized MnO2 NPs yield was better

at medium pH and higher reaction time. From these two inter-
actions we suggest that when we increase pH and reaction time
the formed yield is not much effective due to the relative lower

electronic absorbance response. The whole analysis indicated
that the optimized methodology can help to determine opti-
mized physicochemical parameters that responsible for stabi-
lized MnO2 NPs formation. Especially, the analysis from

such sensitivity revealed that, the initial concentration of
potassium permanganate precursor has the most significant
factor on absorbances. The enhancement of initial perman-

ganate ion concentration and reaction time is a key issue to
obtain a maximum yield of MnO2 NPs. Generally, the visual-
ization of variation in the physicochemical parameters of

bioreduction might be due to the differences in the activities
and presence of bioactive biomolecules present in the leaf
extract. The presence of such bioactive molecule promotes

the crystallization process of metal oxides (Hashem et al.,
2018).
3.4. Experimental validation of the designed model

In Fig. 1b, it is clearly suggested that the predicted value is
clearly closer to that of the actual experimental value of the
MnO2 NPs yield with a correlation coefficient, R2, of 0.9780;

this suggests that the proposed model is effectively developed
with correlations between the independent variables of MnO2

NPs yield production. To check the validation of model pre-
dictions, a set of four experimental runs was conducted at opti-

mum conditions (see Table 5 and Fig. S6), and the
experimental and predicted MnO2 NPs yield were compared.
The validation experimental run was performed according to

the optimum production conditions of MnO2 NPs synthesis.
An aqueous solution of initial potassium permanganate con-
centrations (1.81 mM) was prepared in pH of 6.02. To synthe-

sis the required MnO2 NPs, a volumetric ratio with 43.72% of
V. amygdalina crude extract was added to the above solution
and stirred at room temperature for 103.42 min reaction time.

The precipitate was obtained by centrifuging at 4000 rpm for
15 min. Then, the obtained NPs were washed with distilled
water and ethanol several times. Some of the washed samples
were suspended in 10 mL distilled water for UV–Vis spec-

trophotometric measurements while the rest of the collected
precipitate was dried overnight at 80 �C and calcined at
450 �C for 2 and 3 h. The model predicted that the synthesis

of MnO2 NPs yield was 1.095, while, experimental verification
was accomplished using the same optimal value and 0.9678
MnO2 NPs yield was obtained at 320 nm maximum wave-

lengths from four experimental run with a difference of
0.1272 (12.72% error), which was lower than 0.2 or 20% error
values. Since 0.2 numerical value is a standard value in Design-
Expert 11 (version 11.0.5.0) software. Therefore, the difference

value is lower than the standard value and this approved that
the model is adequate for the optimization of physicochemical
parameter. Our work optimized process variables are com-

pared with other green based synthesis work is shown in
Table 7.

3.5. Optimized result characterization and its confirmation test

Optimization of experimental conditions is essential in order to
achieve the optimum conditions for MnO2 NPs formation.

The optimizing factors involved in this study were V. amyg-
dalina leaf extract concentration, potassium permanganate
concentration, pH, and reaction time. The result of absorbance
reflects the overall response of the biosynthesized yield for

MnO2 NPs. According to Beer-Lambert law, the light absor-
bance of the synthesized NPs has a direct relation with its con-
centration (yield) (i.e., A = ebc, where A is absorbance, e is the
molar extinction coefficient with a unit of M�1cm�1, b is the
path length of the sample (cm), c is the concentration of NPs
in solution (M) (Paramelle et al., 2014; Shang and Gao,

2014). Based on these core reasons, the larger absorbance for-
mation implies that the more efficient in MnO2 NPs yield.
From the surface response numerical optimization results,

the response surface method is conducted to select the best
set of physicochemical variables which is fit for the best desir-
ability to maximize the biosynthesized yield that shown from
the ramps graph (see Fig. S4). After numerical optimization,

a total of 100 optimal projects were generated using quadratic
polynomial model. So, the desirability of all graphical



Fig. 3 3D response surface and 2D contour plot for interaction effect of two-parameter on absorption response at fixed values of other

parameters ((a) Influence of extraction ratio and initial concentration of permanganate ion on absorbance, (b) Influence of initial

concentration of permanganate ion and pH on absorbance, and (c) Influence of pH and reaction time on absorbance.
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Table 5 Absorbance (at 320 nm) results of the four-experi-

mental set up at optimum condition.

Experiments Maximum absorbance (at 320 nm)

1 0.8706

2 0.9766

3 1.0649

4 0.9589

Average 0.9678
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optimization results in terms of all factor (Fig.S5) and their
contour plots (Fig. 4a–c) supporting that the optimized vari-

ables are within the absorbance range between 0 and 1.

3.5.1. UV–Vis spectral analysis

The validity of the selected models was verified by conducting

25 experimental runs under the predicted optimal levels from
the analyzed quadratic model (Fig. S3). The presence of differ-
ent absorption spectra shape shows the prescience different

morphology and size variations (Souri et al., 2018). Interesting
that throughout the run an instant color change from yellow to
dark brown was observed with varied in peak intensity and

peak broadening. Sharma et al. (Sharma et al., 2018) have
described that the full width at half maxima (FWHM) of the
corresponding absorption peaks from the UV–Vis spectra

determines the dispersion of the synthesized NPS, where a
large FWHM was attributed to peak broadening due to
increased polydispersity of NPs. After RSM test, the optimum
experimental variables were selected by setting a prediction at

1.095 absorbance response. At these optimal responses,
43.72%, 1.81 mM, 6.02, and 103.42 min were selected as an
optimum variables for V. amygdalina leaf extract ratio, initial

permanganate ion concentration (MnO4
- ), pH, and reaction

time, respectively. Based on these optimal conditions and fol-
low an optimized synthesis procedure (see the supporting

information), four parallel experiments were carried out (see
Fig. S6). The broadening peak and unsymmetrical spectra
for an optimized run indicating the polydisperse nature of
MnO2 NPs. The value of average absorbance at 320 nm is

determined to be 0.9678 (Table 5). This indicates there is a high
agreement between the experimental results and the predicted
values, as well as conformity of the validity of the selected

models. After wards comparative investigations of optimized
MnO2 NPs with precursor (KMnO4) absorbance and leaf
extracts of V. amygdalina was studied. Further, MnO2 NPs

synthesized under optimum conditions were analyzed using
different analytical instruments.

In aqueous medium MnO2 NPs appears dark brown in

color is due to surface plasmon vibrations (Zhu et al., 2019).
The biosynthesized NPs show two broad absorption bands
ranging between 280 and 350 nm with peak positions at about
~285 and ~320 nm is the characterstic nature of alkene (double

bond) and electron transition from unpared ‘‘n” electron to
antibonding ‘‘p*” one (i.e., p? p* and n? p* or d? d (triply
degenerate, t2g to doubly degenerate,eg if the shape is tetrahe-

dral) transitions) each of which might be the bandgap absorp-
tion and transmission spectra of indol adsorption MnO2 NPs.
It should be noted that the absorbance peak of MnO2 NPs sol
might be also changed (Moon et al., 2015). The MnO2 NPs
showed absorption maxima at 285 nm which is in good agree-
ment with the literature (Souri et al., 2019). Ede et al. (Ede

et al., 2014) have reported the occurrence of maximum absorp-
tion peak at ~275 ± 25 nm due to dimensional structure differ-
ence of the formed NPs and for extra comparison (see

Table 6). When the aqueous plant (light yellow inset
Fig. 5m) extract was mixed with 1.81 mM KMnO4 solution
(purple in color absorption maxima at 310 nm and 530 nm,

inset Fig. 5k), formation of dark brown color that confirms
the formation of MnO2 NPs (Inset Fig. 5n). Reports done
by Sathiyamoorthi et al. (Moon et al., 2015) showed that such
behavior in color changes were observed between Kalopanax

pictus leaf extract and KMnO4 solution. Other studies by
Chatterjee et al. (Chatterjee et al., 2017) supports the occur-
rence of similar color changes between Brassica oleracea (cab-

bage) leaves extract with KMnO4 by controlling an
experimental parameters. In this study, the absence of peak
at 530 nm from KMnO4 spectra after dispersing V. amygdalina

extract indicates the complete reduction of Mn(VII) to Mn(IV)
and blue shift of the spectra indicating the presence of small
sized MnO2 NPs with in the suspension which is in good agree-

ment with the previous study (Moon et al., 2015). NPs have
optical properties that are very sensitive on size, shape,
agglomeration, and concentration changes. The unique optical
properties of nanoparticles prepared from metal precursor are

a consequence of the collective oscillations of conduction elec-
trons, which excited by electromagnetic radiation are called
surface plasmon polariton resonances (Tomaszewska et al.,

2013). So, change in color was mainly due to the excitation
of surface plasmon resonance in metal based NPs (Jana
et al., 2016). Therefore, such change in color confirms that

the significant evidence for MnO2 NPs formation. Our results
were also corroborated with some previous research studies
(Manjula et al., 2019; Sanchez-Botero et al., 2017; Souri

et al., 2019). The spectra underwent a shift from the plant
extract spectra (320 nm) to blue shift at around edge absorp-
tion which extended to observe an additional broad peak at
285 nm indicating the formation of a new molecular structure,

which was signed by the color change from light yellow to
brown.

Furthermore, the crude extract of V. amygdalina leaf

extract spectra shown a sharp peak near 320 nm (Fig. 5a blue
curve, n ? p* transitions), confirmed the presence and char-
acteristics of alkaloid indole spectra (Widyaningtyas et al.,

2019). Indoles are amongst the most important class of
heteroaromatics (heterocyclic compound) in organic chem-
istry, being commonly found in biologically active natural
products that easily participates in chemical reactions with

its bonding sites are analogous to pyrrole (Clarke et al.,
2019; Mohammadi Ziarani et al., 2018). We see that there
is no difference in the absorption peaks except peak shape,

this happening might have two reasons: i) due adsorption
of indol moiety on synthesized MnO2 NPs ii) the chemical
structure difference in V. amygdalina leaf extract resulting

in a stronger steric hindrance for indole to form bond with
oxide surface (Mancuso and Dalpozzo, 2018). A similar
mechanism was happened between V. amygdalina leaf extract

and TiO2 (i.e., there maximum absorption was occurred at
400 nm) (Boyo et al., 2012).

In terms of the optical band gap energy from direct and
indirect band gap using Tauc’s relation (Liu et al., 2018b),



Fig. 4 Numerical optimized contour response surface plot for interaction effect of two-parameter on absorption response at fixed values

of other parameters ((a) Influence of extraction ratio and initial concentration of permanganate ion on desirability, (b) Influence of initial

concentration of permanganate ion and pH on desirability, (c) Influence of pH and reaction time on desirability).
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(ahv)n = A (hv - Eg), where A is the constant, hm is the

photon energy, and a is the absorption coefficient, while
n = 2 for direct and n = 1/2 for indirect transition. The opti-
cal band gap energy (Eg, eV) of green synthesized MnO2 NPs

was achieved at 2.71 eV (Fig. 5b) and 4.65 eV (Fig. 5c) for indi-
rect and direct transitions, respectively. Which was higher
value than the corresponding bulk MnO2 with allowed indirect
band gap of 2.1 eV and an allowed direct band gap of 2.7 eV

(Pinaud et al., 2011). The increasing Eg is attributed to
decreasing in particle size, such small particle size helps to
improve their electrochemical properties, decrease the cost of

energy conversion devices, and increase efficiency in electro-
chemical performance for an effective remediation applications
(Buazar et al., 2019; Chen et al., 2019).



Table 6 As synthesized UV–Vis maximum wavelength and average crystallite size comparison of calcined MnO2 NPs.

Type of plant Plant part UV–Vis kmax (nm) Size (nm) References

Chamomile (Matricaria chamomilla L.) Flower 230 16.5 (Ogunyemi et al., 2019)

Kalopanax pictus Leaf 404 19.2 (Moon et al., 2015)

Sapindus mukorossi (raw reetha) Fruits – <10 (Jassal et al., 2016)

Malus domestica & Vitis vinifera apple peel & stems – 28–80 in diameter (Sanchez-Botero et al., 2017)

Aegle marmelos Fruit 355 23.7 (Sivanesan et al., 2017)

Brassica oleracea (cabbage) Leaves 340 10000–20000 (Chatterjee et al., 2017)

Phyllanthus amarus – 360 40–50 (Prasad and Patra, 2017)

Lemon Juice & peel – 10–17 (Hashem et al., 2018)

Yucca gloriosa Leaf 410 80 (Hoseinpour et al., 2018)

Gardenia resinifera Leaves 362 10–50 (Manjula et al., 2019)

Yucca gloriosa Leaf 284 & 354 35 (Souri et al., 2019)

Bitter Leaf (Vernonia amygdalina) Leaf ~285 & ~320 20–22 This work

Table 7 Optimized process variable comparison for biosynthesized MnO2 NPs.

Precursor Precursor concentration

(mM)

Extract ratio

(%)

pH Temperature

(oC)

Time

(Minute)

References

KMnO4 1 5 – Room 90 (Moon et al., 2015)

MnCl2, &KMnO4 300 & 200 0.4 – Room 1440 (Jassal et al., 2016)

KMnO4 100 0.8 3.7–

4.0

Room 120 (Sanchez-Botero et al.,

2017)

KMnO4 1000 0.1 – – 720 (Sivanesan et al., 2017)

KMnO4 200 12 6 – 240 (Chatterjee et al., 2017)

Mn

(CH3COO)2�4H2O

1 13.9 6.8 Room 60 (Prasad and Patra, 2017)

KMnO4 0.3 40 2–3 Room 60 (Hashem et al., 2018)

CH3COO)2
Mn�6H2O

0.01 90 8 Room 60 (Hoseinpour et al., 2018)

CH3COO)2
Mn�6H2O

– 4 – – 60 (Manjula et al., 2019)

CH3COO)2
Mn�6H2O

0.01 90 6 Room 120 (Souri et al., 2019)

KMnO4 1.81 43.72 6.02 Room 103.42 This work

Fig. 5 (a) UV–Visible spectrum of synthesized MnO2 NPs [inset: change in color of the solution confirming the formation of MnO2

NPs]. (k) 1.81 mM potassium permanganate solution, (m) Plant extract, and (n) synthesized MnO2 NPs. Tauc plot of MnO2 (b) indirect

transition and (c) direct transition.
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Fig. 7 DSC curves of biosynthesized MnO2 NPs in N2 atmo-

sphere (heating rate: 10 �C min�1, flow rate: 20 mL min�1).
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3.5.2. Colloidal characterization of MnO2 NPs by the oxidation

of V. amygdalina leaf extract

In order to elucidate the brown color, the spectrum of opti-
mized reaction mixture was recorded in the 400–600 nm
absorption band regions. Due to the formation of water-

soluble colloidal MnO2 sol, one step three electron redox reac-
tion was takes place between Mn(VII) and V. amygdalina leaf
extract as a reducing agent (see Scheme 2). Report by (Zaheer

and Rafiuddin, 2012), suggested that the ligand/or reductant to
metal charge transfer transitions observable in the half ultravi-
olet and near visible regions is the most characteristic behavior
for Mn(IV) ion. Band gap coverage with in these regions of the

spectrum confirms the formation of colloidal nature of MnO2

NPs (Fig. 6). To support such insight mostly a law described
by Rayleigh’s was also used for manipulating such sol forma-

tion due to the scattering of light. Hence, from his studies by
redrawing the plot of log(absorbance) as a function of log
(wavelength) must be linear to support the formation colloidal

MnO2 NPs. Hence, from the plot, a straight line with a regres-
sion coefficient of R2 = 0.9855 followed by negative slope with
�4.15 (inset Fig. 6) between log(absorbance) and log(wave-

length) derived from absorbance = concentration/wavelength
of MnO2 NPs indicated the conformity to Beer’s law. Such
findings are in good agreement with a research done by other
investigators (Zaheer and Rafiuddin, 2012). Therefore, we may

clearly conclude that the recommended data are consistent
with the formation of colloidal MnO2 NPs during the reduc-
tion of KMnO4 by V. amygdalina leaf extract under the opti-

mized experimental conditions.

3.5.3. Differential scanning calorimeter analysis

The DSC thermogram of the biosynthesized MnO2 NPs is

given in Fig. 7. For the DSC curve, an endothermic peak
can be observed in the temperature range beteween 50 �C
and 100 �C which corresponding to the loss of surface
Fig. 6 Absorption spectra of brown colored MnO2 NPs as a

function of wavelength obtained at a reaction conditions of V.

amygdalina leaf extract ratio = 43.72%, initial KMnO4 concen-

tration= 1.81 mM, pH=6.02, reaction temperature= 26± 2 �C,
and reaction time = 103.42 min. Inset-plots of log (absorbance)

versus log (wavelength).
absorbed water. In the temperature range of 200–325 �C,
two intensive exothermic peaks can be observed at 255.24 �C
and 289.32 �C, due to the fast conversion of hydrooxides from
MnOOH to two possible manganese oxides, such as MnO2 and

Mn2O3, respectively, and further lower heat flow intensities
from the thermogram above 325 �C might be the removal of
organic moieties from the V. amygdalina leaf extracts. Corre-

spondingly, a similar and two exothermic peaks based research
were investigated using thermogravimetric-Differential scan-
ning calorimetry (TG-DSC) analysis from Mn(CH3COO)2-

�4H2O and (NH4)2C2O4�H2O mixtures using air-calcination
(oxidation decomposition method) of the MnC2O4 precursor
at different temperatures followed by acid-treatment in 2 M

H2SO4 solution (Yuan et al., 2009). Aghazadeh et al.
(Aghazadeh et al., 2018) have also reported the three step
weight losses from the conversion of hydroxide into the oxide
products using TG analysis. In detail, the TG curve exhibited

as the temperature ranges of 25–150 �C, 150–300 �C, and 300–
500 �C. The first weight loss (about 2.1 wt%) in the TG profile
can be the removal of the H2O molecules adsorbed on the

hydroxide deposited or intercalated in its structure. The second
weight loss (about 14.5 wt%) can be assigned at temperature
range 150–300 �C can be attributed to the decomposition

and removal of cetyl trimethylammonium bromide (CTAB)
along with the conversion from MnOOH to MnO2. The last
weight loss is generally corresponding to conversion from

MnO2 to Mn2O3. Furthermore, this last weight loss (about
2.8 wt%) on the TG curve at the temperature range of 300–
500 �C can be also related to the removal of intercalated
anions i.e. chloride ions coming from MnCl2 precursor

(Aghazadeh et al., 2018).
The biosynthesized MnO2 NPs was calcined at temperature

of 450 �C for 2 and 3 h. The structural and crystallinity

changes during the heating process were studied by DSC anal-
ysis and the results are presented in Fig. 8. From the thermo-
gram MnO2 precursor after 3 h calcination time (Fig. 8b) has

better crystalline structure than 2 h calcination temperature
(Fig. 8a), due to having lower endothermic heat flow (i.e., sam-
ple only needs small absorption energy to melt the precursor).



Fig. 8 DSC curves of calcined MnO2 precursor in N2 atmo-

sphere (a) 2 h calcination and (b) 3 h calcination (heating rate:

10 �C min�1, flow rate: 20 mL min�1).
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This statement is exactly supported from XRD spectral analy-

sis (see Fig. 9c). The presence of endothermic peaks from both
curve indicates the change of phase (Athar et al., 2012). The
phase change of material is happens after calcination of as syn-
thesized NPs from V. amygdalina leaf extract at about 450 ⁰C
for 2 and 3 h. Since reports using thermo gravimetric analysis
(TGA) supported that stabilized MnO2 NPs could be obtained
at about 450 ⁰C calcination temperature (Aghazadeh et al.,

2018; Jian et al., 2014; Mable and Agnihotri, 2019;
Muthuchudarkodi and Vedhi, 2015). Occurrence of endother-
mic peak at a temperature of 181.13 �C and 186.09 �C corre-

sponds to the formation of Mn2O3 nanomaterials. Because
the literature justified that the melting temperature (glass tran-
sition (Tg) = 250 �C) was occurred in the temperature range of
150 �C to 300 �C during the thermal decomposition of MnO2

to Mn2O3 under N2 atmosphere (Mable and Agnihotri, 2019).
Fig. 9 (a) X-ray diffraction (XRD) patterns of the as synthesized

sample (c-MnOOH), [(b) a-MnO2 NPs at 2 h calcination, and (c)

a-MnO2 NPs at 3 h calcination under calcination temperatures of

450 �C].
3.5.4. Powder X-ray diffraction analysis

Fig. 9 shows the XRD patterns of the optimized samples syn-

thesized using V. amygdalina leaf extract. Since after optimiza-
tion, the collected precipitate was dried overnight at 80 �C.
According to the XRD patterns, the crystallinity of the synthe-

sized product was further improved by calcination at 450 �C by
extending calcined time from 2 h to 3 h, and this behavior is
consistent and in good agreement for the synthesis of c-
MnOOH and its conversion to a-MnO2 (Lan et al., 2015)
and b-MnO2 (Zhang et al., 2013). Since calcination at higher
temperature can increase the active surface sites of the synthe-
sized NPs, i.e., increment in degree of porosity on the material

(Sivanesan et al., 2017). For the as synthesized powders made
with the V. amygdalina leaf extract which was dried overnight
at 80 �C with average crystalline size of 18.47 nm (Fig. 9a)

exhibit peaks that can be easily indexed to c-MnOOH (man-
ganite) of monoclinic phase with cell parameters contains:
a = 5.30400 Å, b = 5.27700 Å, c = 5.30400 Å, and b = 11

4.380� (Crystallography Open Database-COD, Entry # 96–
900-9775 [space group: P121/c1 (14)]).

After 450 �C thermal treatment with varied calcined time,

the crystalline structure of the sample progressively evolves
towards a-MnO2 with pure tetragonal phase and lattice con-
stants (cell parameters) a = 9.78760 and Å c = 2.86500 Å
(COD, Entry # 96-151-4117 [space group: I4/m (87)]). XRD

patterns synthesized using the V. amygdalina leaf extract exhi-
bit a high intensity peak at 12.479� (Fig. 9c), which can be
indexed as the (110) plane followed in intensity by the peaks

for the plane at 400 (Fig. 9b). It is important to note that
regardless of the natural extract used for the synthesis, the
sample calcined at 450 �C for 3 h exhibit an increase in the

peak intensity and a decrease in peak broadening when com-
pared to the same samples calcined at 450 �C for 2 h. Careful
comparison of the relative intensities in Fig. 9c shows that a

highly crystalline structures as evident from the dominant
and sharp diffraction peaks of XRD patterns of the a-MnO2

phase which are indexed at (110), (220), and (211) plane.
From other report, the presence of well-defined XRD peaks

indicated the absence of amorphous nature of the synthesized
materials (Mahmudi et al., 2018). Thus, an equation from
Debye-Scherrer d = (kk/bcos h) can be used to determine

the individual and average crystallite size of as synthesized c-
MnOOH and calcined a-MnO2 NPs are listed from the supple-
mentary material (see Table S2), where d is the thickness of the

crystal, k is the Debye-Scherrer constant (0.89), k is the X-ray
wavelength (0.15418 nm), b is the width of the peak with the
maximum intensity at half height (FWHM) and h is the
diffraction angle (Hoseinpour et al., 2018). So, for our work,

the total average crystallite size of calcined sample (a-MnO2

NPs) is lies in the range between 20 nm and 22 nm (see
Table 6).

3.5.5. Fourier transforms infrared spectral analysis

FTIR is a spectroscopy that used to detect both inorganic and
organic species containing a sample with low content due to its

high sensitivity (Jaganyi et al., 2013). Fig. 10a shows the FTIR
spectra corresponding to the as synthesized sample prepared
with V. amygdalina leaf extract, while the spectra shown in

Fig. 10b and Fig. 10c corresponding to MnO2 NPs calcind
at 450 �C for 2 and 3 h, respectively. The occurrence of broad
and low in intensity peak from the as synthesized sample at



Fig. 10 FTIR spectra of (a) as synthesized MnO2 NPs using

Vernonia amygdalina leaf, (b) calcined at 450 �C for 2 h, and (c)

calcined at 450 �C for 3 h in the range from 4000 to 400 cm�1 with

KBr pellet sampling.
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about 3422 cm�1 and 3304 cm�1 might be assigned as AOH
stretching and HAOAH bending vibrations of bounded water
molecules that are adsorbed on the sample (Sanchez-Botero
et al., 2017). The peak at about 2925 cm�1 and 2845 cm�1

characterized the CAH stretching absorption band due to
the presence of alkene/alkyl groups from secondary phyto-
chemicals organic compounds found in V. amygdalina (Alara

et al., 2019; Widyaningtyas et al., 2019). The peak observed
around 1643 cm�1 showed water molecule bending vibration
mode (Sen et al., 2013). An intense and sharp peak observed

at about 1563 cm�1 indicated C‚O stretching (Hoseinpour
et al., 2018). The absorption band formed at about
1401 cm�1 and 1079 cm�1 indicated C‚C unsaturation and

CAO stretching, respectively (Prasad and Patra, 2017).
Finally, the peak observed at about 910 cm�1 is the indicated
the surface AOH groups of MnAOH for colloidal MnO2 NPs
while the band between 600 cm�1 and 475 cm�1, especially at

about 596 cm�1 and 495 cm�1 corresponding to the stretching
collision of OAMnAO (Moon et al., 2015) and MnAO bond
stretching vibration which clearly indicating the formation of

MnO2 NPs (Kareem Jassem et al., 2019).

3.5.6. Scanning electron microscope analysis

SEM was carried out to characterize the morphology of as pre-

pared a-MnO2 NPs. The compressed packed with more aggre-
gated surface topography was observed from the as
synthesized NPs before calcination due to the over growth of

organic compounds over it, such existence clearly supported
from FTIR and DSC data. Fig. 11a&b shows the SEM micro-
graph with low aggregated and ball shaped flower like archi-

tecture with an average crystallite particle size of ~22.57 nm
and ~20.74 nm for a-MnO2 NPs synthesized using V. amyg-
dalina leaf extract as a reducing and capping agent after 2
and 3 h calcination time, respectively. This image show the dis-

tribution of small and wider in particle size together due to the
poly-disperse nature of the prepared NPs which was supported
from UV–Vis spectral results. Fig. 11b, when the as prepared
sample was calcined at 450 �C for 3 h calcination time, a
non-uniformly distributed (poly-dispersed) nanospherical
flower like structure were clearly obtained with better in poros-

ity surface than sample calcination after 2 h. Even from Gwyd-
dion multiplatform software roughness measurement analysis,
the number of masked grain structure arrangement (see Fig. S7

and Table S3) and porosity surface are from inverted height as
a function of position data (Fig. S8 and Table S4) in the sam-
ple after 3 h calcination time has better efficiency in surface

roughness than calcination after 2 h. So, this is happened
due to the surface functional stabilizing ability of plant extract
active functional groups (Dare et al., 2015). Therefore, from
the above investigations and other related works, it is clearly

showed that aggregation and agglomeration nature caused
by the type of a reducing reagent has a strong effect on the sur-
face morphology of MnO2 NPs, i.e., which highly affects the

surface area and particle size of the synthesized NPs
(Hashem et al., 2018; Manjula et al., 2019; Sanchez-Botero
et al., 2017).

3.5.7. Surface roughness

Gwyddion is the multiplatform and more user friendly soft-
ware available for analyzing Scanning Probe Microscopy

(SPM) data e.g. SEM (Yadhuraj et al., 2016). To analyze sur-
face roughness, Gwyddion provides four parameters for eval-
uating the surface characteristics: the mean roughness (Ra) it

represents the mean value of the surface roughness of the sam-
ple; the mean square roughness (Rq) it defines the degree of
change in the surface roughness of the sample; the surface

skewness (Rsk) it used to represent the symmetry of the surface
height distribution of the sample; and the kurtosis coefficient
(Rku) it represents the waveform characteristics of the surface
height distribution of the sample. For more mathematical

equations and their justifications refer the paper (Zhao et al.,
2019).

For this study, the SEM data obtained using a JEOL Ltd.

instrument with a model of JCM-6000Plus is loaded to the
software and the loaded images are shown in Fig. 12. Accord-
ing to the ISO 4287 standard the pre-selected cutoff frequency

(in the units of Nyquist frequency) and profile thickness was
specified at 0.02 and 3px, respectively (Pavlović et al., 2012).
The loaded 2D images which represent the height of the sur-
faces are shown in Fig. 12-a1&b1. The 3D image of the data

which was obtained by selecting display a 3D view data that
display the surface arrangement on the plane is given in
Fig. 12-a2&b2. The crest and trough surface morphology of

the section curve that represent the occurrence of pore is dis-
played in Fig. 12-a3&b3. All the surface roughness parameters
such as; Ra, Rq, Rsk, and Rku are obtained by Gwyddion soft-

ware (see Table 8). The average Ra value after 3 h calcination
sample is 6.8 nm which is higher than 2 h calcination sample
4.6 nm. This shows that MnO2 NPs surface calcined at

450 �C for 3 h is rougher than those after 2 h calcination time.
Other studies also supported that, several calcination time
might increase the relative surface roughness by increasing
the relative height of the synthesized sample particles

(Sigaeva et al., 2009). The average Rq values of sample calcined
for 3 h is 8.5 nm which is higher than calcined for 2 h sample
with a value of 6.3 nm. This, confirming that the degree of sur-

face roughness variation in MnO2 NPs after 3 h calcination
time is much better than calcination for 2 h. The surface



Fig. 11 Scanning electron microscopy (SEM) image of nanospherical flower like a-MnO2 NPs calcined at 450 �C (a) for 2 h, and (b) for

3 h.

Fig. 12 2-D, 3-D SEM images of two MnO2 NPs and diagonal section analysis of 2-D images calcined at 450 �C: (a1), (a2), (a3) after 2 h
calcination time and (b1), (b2), (b3) after 3 h calcination time.
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skewness (Rsk) after 3 h calcination time sample is more posi-
tive (-0.03) than sample calcination after 2 h (-0.12). This
shows that more area (troughs) than peaks in the surface
(crest) for 3 h calcined time, while more negative values for
sample calcined at 2 h shows fewer surface area (troughs) than
peaks (i.e., there is more area where the sample surface height



Table 8 Roughness Parameters of MnO2 NPs calcined at 450 �C after 2 h and 3 h calcination time.

Sample Calcination time (hour) Ra (nm) Rq (nm) Rsk Rku

MnO2 NPs 2 4.6 6.3 �0.12 5.52

3 6.8 8.5 �0.03 2.79

Roughness average (Ra); Root mean square roughness (Rq); Surface skewness (Rsk); Kurtosis coefficient (Rku).
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is above the mean value). Finally, to represent the wave char-
acteristics of the surface height distribution, the Rku value of

sample calcined after 3 h is 2.79, and the Rku value of sample
calcined after 2 h is 5.52. The result shows that the shape of
pore size and grain size distribution is scattered in 3 h calcina-

tion sample while concentrated in 2 h calcination sample. To
support these analyses further results which were done by sur-
face mask using threshold and Watershed as well as inverted

height distribution to show marked pores height are shown
in the supplementary materials (Fig. S7, Fig. S8, Table S3,
and Table S4). Generally, the high roughness could increase
the contact area and then used to increase interactions between

liquid and solid (Pizarro et al., 2019).

4. Conclusions

Manganese dioxide nanoparticles were prepared based on
biosynthesis method under 25 conditions from different
physicochemical variable combination of V. amygdalina leaf

extract ratio, initial permanganate ion concentration
(MnO4

- ), pH, and reaction time. The non-linear regression
equation for absorbance dependent variable of the quadratic

model using best D-optimal algorithm were investigated effec-
tively with P-values less than 0.0500 (P < 0.0001). The exper-
imental correlation between all the four independent variables

and their optimizations were well examined with 3D surface
and 2D contour plots. So, the targeted absorbance that deter-
mines MnO2 yield (absorbance at 320 nm was 1.095) under the
optimal conditions with V. amygdalina leaf extract

ratio = 43.72%, initial permanganate ion concentration
(MnO4

- ) = 1.81 mM, pH = 6.02, and reaction time = 103.4
2 min which was agrees and validated with the actual average

experimental results (absorbance at 320 nm was 0.9678). It was
found that the predicted and actual (experimental) results have
a good agreement in the dependent (response) variables. So,

this agreement are very suitable to synthesis a stable and high
efficiency MnO2 NPs through simple, ecofriendly, and non-
toxic plant mediated approach for the necessary applications.
It was found by UV–Vis analysis the optimized NPs has a col-

loidal with polydispersed property and has higher in energy
band gap (both direct and indirect transition) suggested the
diminishing of its bulk property (formation of nanosize) with

a crystallite size value between 20 nm � 22 nm. The glass tran-
sition temperature which helps to examine the phase change
evaluation and FTIR spectra investigation in which that the

stretching of O-Mn-O occurred with a vibrational mode at
about 596 cm�1 and 495 cm�1 indicated the presence of pure
MnO2 NPs after 3 h calcination at 450 �C. As reveled by

SEM analysis, the MnO2 NPs produced using plant extract
as a reducing agent under optimal conditions produced better
in porosity image with nanospherical flower like topography.
The surface roughness in terms of parameters like mean rough-
ness, mean square roughness, surface skewness, and kurtosis
coefficient for MnO2 NPs after loading SEM data and recon-

structed to 2D and 3D with the help of an open source Gwyd-
dion software was evaluated.
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