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Abstract
In the present work, biosynthesis of two nanocomposites (NC1 and NC2) with different dopants (boron or sulfur) was carried
out by utilizing secondary metabolites of Eucalyptus citriodora leaf extract for degradation studies of cationic and anionic
dyes. Biosynthesized nanocomposites were characterized by UV–Vis spectroscopy, FTIR spectroscopy, SEM imaging, and
EDX spectra, which confirmed their functional groups, uniform structure, and the presence of desired dopants. Optimum
response for crystal violet dye was observed with 2 mL and 1.5 mL volume, in alkaline medium (pH� 8) at room temperature
with dye concentration� 5mg/Lwithin time interval of 60 and 45min for NC1 andNC2, while eriochrome black T has shown
maximum degradation at 1.5 mL and 1 mL volume in acidic medium at room temperature with 5 mg/L dye concentration in
time period of 90 and 60 min for NC1 and NC2. Interference and radical scavenging experiment was performed to elaborate
the efficiency and working mechanism of nanocatalysts. The proposed mechanism regarding nanoparticles formation was
also discussed.
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1 Introduction

In any country, the fundamental industrial units were estab-
lished to improvise living standards, hence consuming enor-
mous supplies of water resources in their operational proce-
dures [1]. As per reported studies of United Nation World
Water Development (UNWWD), drinking water shortage is
already established. About 748 million people is unaware of
this fact, and continued increasing demands by world man-
ufacturing industries up to 400% seriously threatened the
situation. Another 400% increase is to be expected by year
2050 [2].

Hygienic and healthy lifestyle of human beings depends
on water resources. All kind of activities performed at any
level ultimately consumedwater in one formor another [3, 4].
Anthropogenic activities and enormous population growth
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caused contamination of water resources. This global issue
will have stronger impact in future leading to water scarcity
challenges [2, 3]. Various industries such as food, pharma-
ceutical, leather, cosmetics, etc., has been releasing untreated
wastewater containing dyes into the surrounding environ-
ment. Further, about 15% of dye consumed is also lost during
the industrial processes and contributes as a water pollution
source [2].

Dyes are chemical compounds capable of imparting color
to a variety of substrates. Light absorption in visible range
(400–800 nm) produced color due to interaction of electro-
magnetic radiations with electronic system of dyes. Dyes are
complexmoleculesmostly showdistinctive nature alongwith
resistive response toward heat and detergents. Their detection
is challenging even at low concentration. Sunlight penetra-
tion is restricted due to the undesirable colorful discharges
in hydrospheric surfaces. Hence, biological and photochem-
ical lives have been compromised. Dyes can act as potent
source of water contamination due to its toxic, teratogenic,
mutagenic and carcinogenic nature. Ultimately, they can be
health hazards to various human organs such as central ner-
vous system, liver, brain and kidney [4, 5].

One of the prime challenges is remediation of toxic dyes
containing wastewater. As per major concern, researchers
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have made many efforts for the treatment of dye contain-
ing industrial effluents [6]. Traditional techniques including
electrochemical reduction, membrane filtration, chemical
sedimentation, ion exchange and adsorption have demon-
strated potential for the treatment of dye containing effluents.
Nonetheless, there is no technique available for universal
treatment and application. Every process has its own pros and
cons [7]. In order to cater intensive demand for converting
contaminants into environmental benign candidates, highly
effective and progressive modern technology is required by
adopting optimum requirements and approaches. Biocom-
patible nanocomposites have illustrated capacity to degrade
dye into simpler forms that could be a useful nutrient supplier
for various microorganisms present in the ecosystem [8].

In this perspective, carbon dots have earned a renowned
position than metal quantum dots. They could be easily
prepared in one step, with minimum cost impact. Further,
carbon dot exhibited adequate aqueous solubility, improved
functionalization, chemical inertness, biocompatibility, and
fluorescent phenomenon. Despite the fact that quantum dots
have many biomedical applications, these are expensive
nanostructures and impart toxic side effects [9].

Carbon-based catalysts have two categories as bare carbon
dots and composite carbon dots. Bare carbon dots catalyst is
only single catalyst without any incorporated material. Bare
carbon dots have been reported as metal free catalyst and
employed for degrading bromothymol blue and thymol blue
in the presence of hydrogen peroxide. Composite carbon dots
are doped with several types of material (non-metal or transi-
tion metal). Carbon dot/titania nanocomposite was reported
to be the promising candidate for photocatalytic degradation
of methylene blue dye [10].

Heteroatom introduced into carbon dots framework can
easily improve the chemical features associated with internal
and external carbon dot framework. Generally, heteroatom
doping is an effective approach for altering electronic fea-
tures and giving new active sites to carbon dots [11]. Band
gap could also be tuned on the basis of energy difference in
surface states and valence band [12]. According to reported
literature studies, heteroatomic doping in carbon dots has
extended their applications to fluorescence sensing, anti-
counterfeiting encryption and light emitting diodes [13, 14].

In this study, novel nanocomposites of metal oxide
nanoparticles and doped carbon dotswere prepared through a
green process by using Eucalyptus citriodora aqueous leaves
extract. Influence of different dopants (boron or sulfur) on
the preparation of doped carbon dots and their comparative
effect on the activity of nanocomposite for crystal violet and
eriochrome black t dye degradation was analyzed.

More than five hundred species of this plant are available
from shrubs to trees. This plant popularly, known as gum
tree [15], is abundantly available in all regions of Pakistan
[16]. Eucalyptus genus belonged toMyrtaceae family. These

plants are evergreen and perennial. E. citriodora comprises
phenolic compounds such as catechin, chlorogenic acid, gal-
lic acid and protocatechuic acid [17, 18]. This plant is known
to contain reductant molecules, and their volatile oils are
considered to be rich source of 1,8-cineole also known as
α-monoterpene or eucalyptol [16].

2 Experimental Section

2.1 Chemicals

Potassium permanganate (KMnO4), boric acid (H3BO3),
sodium thiosulfate (Na2S2O3), acetic acid (CH3COOH),
sodium hydroxide (NaOH), sodium nitrate (NaNO3), phos-
phoric acid (H3PO4), nitric acid (HNO3), crystal violet
(CV), eriochrome black T (EBT), hydrochloric acid (HCl),
methanol (CH3OH) and ethanol (C2H5OH) were purchased
fromMerckwith≥ 99.9% purity. All chemicals and reagents
used in this study were of analytical grade and utilized as
received.

2.2 Collection and Preparation of Plant Extract

Fallen leaves of E. citriodora plant were collected as green
precursor from Government College Women University,
Sialkot (32.50°N, 74.53°E). Collected leaves were washed
properly by distilled water for removing their surface dirt
particles and impurities. Leaves were then shade dried. After
obtainingwell-dried leaves, thesewere grinded intofinepow-
der and stored for further utilization. About 4 g prepared
powder of leaves was added into 100 mL distilled water in
a 200 mL beaker. This beaker was then placed on magnetic
hotplate for proper heating at 70 °C for half an hour with
continuous stirring. After filtering this mixture, plant extract
was stored and kept at 4 °C [16].

2.3 Biosynthesis of Manganese Dioxide
Nanoparticles

Green synthesis of metal dioxide nanoparticles was carried
out by the reported method with some modifications [19].
In a 250-mL beaker, 10 mL liquid plant extract was mixed
with 100 mL of 0.1 M KMnO4 solution under constant stir-
ring conditions for three hours at room temperature. After
stirring, the dark brown solution was sonicated for 30 min
in order to ensure homogeneity. At the bottom of beaker,
solid dark brown manganese dioxide nanoparticles were set-
tled down. Centrifugation was carried out for proper washing
and separating nanoparticles. After washing, solid nanopar-
ticles were dried below 100 °C for approximately two hours
in hot air oven.
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2.4 Green Synthesis of Sulfur-Doped Carbon Dots

Sulfur-doped carbon dots (SCDs) were prepared by dis-
solving the measured amount of dopant and plant extract
according to already reported green method with few modi-
fications [20]. Briefly, about 0.35 g of sodium thiosulfate (as
sulfur source) was dissolved in 5 mL plant extract. The mix-
ture solution was microwave-irradiated (Dawlance DW-210,
750W) at 750W for 4 min. After irradiation, solution was
prepared by dissolving resultant solid particles into 15 mL
distilled water. The solution was stirred for 10 min and cen-
trifuged for 30 min. Finally, SCDs were collected as light
brown colored supernatant.

2.5 Green Synthesis of Boron-Doped Carbon Dots

Typically, 1 g boric acid was dissolved into 10 mL plant
extract. The reactionmixturewas subjected to ultrasonication
for 10 min. After that, reaction mixture was microwave-
irradiated at 750W for 5 min. Final solid product was
dissolved in 20mL distilledwater, stirred for 10min and cen-
trifuged for 30 min. Finally, biosynthesized yellowish color
supernatant was collected as BCDs [21].

2.6 Preparation of Nanocomposites

Initially, Britton-Robinson Buffer (BR Buffer) was prepared
by mixing equal volumes (10 mL each) of acetic acid, boric
acid, phosphoric acid and 0.01MNaOHsolution to adjust the
pH of themixture [22]. 200mg/L of solidmanganese dioxide
nanoparticles was redispersed in distilled water. To prepare
the nanocomposite, equal volume of doped CDs, manganese
dioxide nanoparticles (200 mg/L) and 18 mL of BR Buffer
was taken in a glass beaker. Then, reaction mixture was son-
icated for 5 min. Finally, green-synthesized doped carbon
dots/manganese dioxide nanocomposite was stored at 4 °C
[23].

2.7 Characterization of Doped Carbon
Dots/Manganese Dioxide Nanocomposites

Optical characteristics of prepared materials were analyzed
via UV–Vis spectrometer (Specord Plus 200, Analytica Jena,
Germany) within the range of 200 nm to 500 nm. FTIR spec-
tra were recorded in the range of 4000 cm−1 to 500 cm−1

by usingNicolet 6700 FTIR spectrophotometer (ThermoFis-
cher Scientific, US). SEMwith EDX analysis (TescanVega3,
Czechia) was performedwithmagnification of 50 kX, 25 kX,
10 kX and 5 kX at scale level 500 nm, 1μm, 2μm and 5μm.

2.8 Point Zero Charge (PZC) Measurement

In order to determine the point zero charge of nanocompos-
ite, 0.1M solution of NaNO3 was prepared and 40mL of this
was taken in different test tubes. Then, 1 mg of nanocompos-
ite was added to each test tube after adjusting pH of each
solution within 3–13 by using solutions of 0.1 M NaOH or
0.1 M HNO3. pH of respective solutions was noted before
and after the 24-h contact time and labeled as pHi and pHf,
respectively. The difference between initial and final pH was
taken as �pH. Then, graphical plot was drawn between pHi
and �pH in order to find the PZC value, respectively [24].

2.9 Dye Degradation Studies

Nanocomposites were employed for evaluating catalytic
degradation study of cationic and anionic dyes separately.
Different parameters such as volume of nanocomposite, pH
of dye solution, temperature, contact time and concentration
were studied and optimized. In all these experiments, degra-
dation percentage was calculated by the following formula:

Degradation % � Initial Absorbance − Final Absorbance

Initial Absorbance
× 100

(1)

3 Results and Discussion

3.1 Characterization

3.1.1 UV–Visible Spectroscopic Analysis

Two unique and strong absorption peaks of biosynthe-
sized nanoparticles were observed in spectral region of
200–800 nm. These bands with maximum absorbance val-
ues were the clear indicator for fabricated nanoparticles. In
Fig. 1a, the first peak can be seen at λmax value of 210 nm
and the second broad peak at 292 nm, respectively. As
per reported literature, MnO2 exhibits broad UV–Vis peak
between 250 to 700 nm and a subsidiary peak at 210 nm [25].
Symmetrical spectrum indicated the monodispersed nature
of manganese dioxide nanoparticles [26, 27].

The optical absorption peaks of doped carbon dots were
observed in mostly UV region (200 nm–400 nm), but its tail
can be extended to visible region of spectrumwithin the range
of 400–800 nm. It is the characteristic of doped carbon dots to
give distinctive absorption peaks in 200–400 nm range [28].

Boron carbon dots were prepared by green precursor plant
extract as carbon source and boric acid as a boron dopant.
Boron influenced the carbon electronic configuration in a
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Fig. 1 UV–Vis spectra of MnO2 nanoparticles (a), boron-doped carbon dots, (b) sulfur-doped carbon dots (c), spectra overlay of MnO2, BCDs and
NC1 (d) spectra overlay of MnO2, SCDs and NC2 (e), band gap energy graph of NC1 (f) and NC2 (g)
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G

Fig. 1 continued

preferable catalytic way. It is p-type dopant for carbon core
and creates vacant positions like electron-deficient situation
in doped carbon dots that created surface defects, hence
improving catalytic activity [29]. Boron-doped carbon dots
show two unique and distinctive peaks in Fig. 1b within
200–400 nm range.

First weak shoulder absorption peak at 209 nm corre-
sponds to π→π* transition where π electron shifting occurs
and indicates C=O presence in carbon skeleton of sp2 aro-
matic carbon domain. Second typical peak at 269 nm is
correlated with transitions of n→π* in surface groups like
C=O bond containing oxygen groups along with conjugated
diene (=C–C=) structure of doped carbon dots [12].

Sulfur-doped carbon dots were prepared by using plant
extract (carbon sources) and sodium thiosulfate as sulfur
dopant. It would be catalytically more efficient and favor-
able dopant in enhancing optical properties of doped carbon
dots. It is n-type dopant and provides extra electrons to the
carbon framework [30]. Sulfur-doped carbon dots show two
absorption peaks. Figure 1c shows the first sharp peak at
216 nm.

This represents π → π* electronic transition of aromatic
(C=C) group with carbon skeleton exhibiting sp2 domain,
while the second one isweak peak around about 275 nm. This
can be correlated to n → π* transitions of carbonyl group
(C=O) and C–S bond in conjugated system of sulfur-doped
carbon dots. Hence, this depicts the presence of heteroatomic
surface sites [20].

Nanocomposite (NC1) shown in Fig. 1d was biosynthe-
sized by using boron-doped carbon dots and metal dioxide
nanoparticles. Nanocomposite (NC2) depicted in Fig. 1e was
green-synthesized by using sulfur-doped carbon dots and
manganese dioxide nanoparticles.

NC1 or NC2 exhibited the optical properties in UV–Vis
region between 200 and 500 nm. Both composite displayed

the hypochromic effect or blue shift in wavelength due
to electrostatic interaction between doped carbon dots and
MnO2 NPs, hence confirming the formation of blended
and newly prepared nanocomposite. NC1 showed blue shift
absorption peak at λmax of 260 nm compared to absorp-
tion peaks of manganese dioxide nanoparticles (292 nm) and
boron-doped carbon dots (269 nm). NC2 depicted λmax value
of 268 nm as compared to absorption peaks of manganese
dioxide nanoparticles (292 nm) and sulfur-doped carbon dots
(275 nm). NC1 or NC2 spectral analysis also confirmed that
dopant embedded successfully with nanoparticles. Electro-
static interaction within doped carbon dots and MnO2 NPs
also helps in improving their role for catalytic activity [31].

Band gap energy values were evaluated by using Eq. (2):

(αhv)n � K (hv − Eg) (2)

where α is absorption coefficient, n is index or optical tran-
sition of semiconductors so n � ½ for direct band gap
semiconductor, K is proportionality constant depends on
material, hƳ is photon energy in eV and Eg is band gap.
Tauc plot was drawn between (αhv)2 versus energy (eV).
Band gap values of both NC1 and NC2 (Fig. 1f and g) were
calculated by extrapolating linear portion of Tauc plot which
cuts energy axis at α � 0. Estimated optical band gap energy
value for NC1 and NC2 was 4.8 eV and 4.4 eV, respectively.
In comparison to NC1, NC2 depicted a higher red shift value.
This reduction can be attributed to the more induced energy
band edge bending caused by sulfur doping. Further, sulfur
doping facilitated the creation of new energy bands near the
conduction band to a greater extent [32].

3.1.2 Fourier Transform Infrared (FTIR) Analysis

FTIR analysis has been carried out to study the surface
data profile of specific functional groups pertaining to
biomolecules that have been involved in preparation of
nanocomposites.

FTIR spectroscopic characterization was performed
within 4000–650 cm−1 range. In spectrum of NC1 (Fig. 2a),
various functional groups are confirmed such as strong
absorption band by stretching vibration of –OH (3338 cm−1),
stretching absorption peak of Ar–H or � C–H (2970 cm−1)
and –CH (2912 cm−1) which can also be observed. Two
absorption peaks are also observed that confirmed the
presence of embedded BCDs which appeared as B–O–C
(2133 cm−1) and B–O stretching vibration (2101 cm−1).
Sharp absorption of carbonylwas also observed at 1653 cm−1

which improved the hydrophilic nature of nanocomposite.
Aromatic carbon corewas observed byC=C stretching vibra-
tion at 1636 cm−1. Carboxyl functionality gave peak at
1340 cm−1. C–B stretching vibration appeared at 1134 cm−1.
Carbon dots core also showed asymmetric stretching of
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Fig. 2 FTIR spectra of NC1 (a) and NC2 (b) EDX spectrum of NC1 (c) and NC2 (d)

C–OHor C–O, and this connotes the deformation in aliphatic
ether or of primary and secondary alcoholic groups at
1080 cm−1. O–H out-of-plane vibration was also observed
at 822 cm−1. Peaks representing B–O–H/Mn–OH bond
appeared at 780 cm−1. Spectrum also showed new peak of
B–Mn bonding at 766 cm−1. Strong stretching collision of
O–Mn–O is observed at 719 cm−1. Distinctive and confirma-
tory stretching vibration of Mn–O bond (677 cm−1) is also
observed [26, 27, 29].

Nanocomposite (NC2) was being prepared by decorating
manganese dioxide nanoparticles with sulfur-doped car-
bon dots. FTIR sample was run within range of about
4000–650 cm−1 and resulting spectrum of NC2 shown in
Fig. 2b. Stretching vibration of hydrogen-bonded hydroxyl
is shown by absorption band at 3339 cm−1. Prominent vibra-
tional peaks were observed such as S–H bond in carboxyl
group at 2149 cm−1. Stretching vibration ascribed to peak
of C=S appeared around 2133 cm−1. Asymmetric stretch-
ing vibration mode of C–S at 2116 cm−1 and symmetric
vibration peak of C–S–C are observed at 1993 cm−1. C=O
illustrated peak at 1792 cm−1. Aromatic or unsaturated sys-
tem exhibits pronounced symmetric stretching vibrations of

C=C around 1653 cm−1. Hydrocarbon core content of car-
bon dots appeared byC–H stretching vibration at 1636 cm−1.
Carboxyl moiety is shown at 1340 cm−1. Mn–OH vibration
appeared at 1121 cm−1. MnO2 nanoparticles are confirmed
by bending vibration mode and stretching collision peak of
O–Mn–O which appeared at 670 cm−1 [20, 26, 33].

Common peaks of carboxyl, carbonyl and hydroxyl func-
tionalities over the both composite surface depicted that
biomolecule of plant extract successfully enriched, stabilized
and capped the composite, hence enhancing thenanocompos-
ite catalytic efficiency.Resulting significant spectrumofNC1
or NC2 nanocomposite shows that characteristic features of
BCDs or SCDs have successfully decorated the manganese
dioxide nanoparticles and verified formation of the nanocom-
posite.

3.1.3 Energy Dispersive X-ray (EDX) Analysis

EDX analysis is conducted for examining elemental compo-
sition of NC1 and NC2 (Fig. 2c and d).

Each peak of graph signifies the specific quantified num-
ber of elements presentwithin composite. In Fig. 2c, all peaks
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coordinated to boron-doped carbon dots-decorated man-
ganese dioxide nanocomposite, hence indicating the absence
of impurity in it. EDX spectrum depicted the main strong
peaks of boron (B), carbon (C), oxygen (O) and manganese
(Mn) with 23.48%, 16.33%, 8.32% and 51.88% percent con-
tent, respectively. EDX spectrum of NC2 depicted in Fig. 2d
shows signals of sulfur (S), carbon (C), oxygen (O) and
manganese (Mn) with 33.21%, 11.34%, 1.33% and 54.12%
percent content, respectively. Line type of K series has been
shownbyEDXspectra in both the cases. This shows that elec-
trons resided within K shell series and nearer to the nucleus.
K line emission shown by NC1 or NC2 has been associated
with Kα. EDX spectra have shown the uniform distribution
of elemental composition within NC1 or NC2 sample [2, 34,
35].

3.1.4 Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopic analysis is employed to eval-
uate the surface morphology and composition of prepared
materials [36, 37]. SEM photographs of NC1 in Fig. 3a–d
revealed even distribution of amorphous spherical MnO2

nanoparticles throughout nanosheet matrix. SEM images
of NC2 in Fig. 3e–h illustrated crystalline nanospheres of
MnO2 nanoparticles uniformly embedded within homoge-
nous matrix of sulfur-doped carbon dots in the newly
prepared composite. In both cases, at lower-magnification
power, irregular and heterogeneous dispersion was observed.
This might be due to biomolecules of leave extract, while
at higher magnification power, images depicted slight reg-
ular, equal and homogenous distribution. Both NC1 and
NC2 depicted well-embedded doped carbon dots and MnO2

nanoparticles-based composite [26, 37, 38].

3.2 Comparative Catalytic Degradation Studies
of Dyes

Comparative catalytic degradation studies of both cationic
and anionic dyes were studied by utilizing boron-doped car-
bon dots-decorated manganese dioxide nanoparticles (NC1)
and sulfur-doped carbon dots-decorated manganese diox-
ide nanoparticles (NC2). Crystal violet (CV) as a cationic
dye and eriochrome black T (EBT) as anionic dye have
been selected as model, and their degradation efficiency was
observed in detail. Different optimizing parameters like vol-
ume of nanocomposite, pH of dye solution, temperature of
dye solution, dye concentration in solution and contact time
have been analyzed and delineated.

In order to assess optimum reaction parameters for dyes
degradation studies, UV–Vis spectrophotometer (Specord
21s0 plus, Analytic Jena AG, Germany) has been utilized.
Absorbance values were recorded for both cationic and

anionic dyes at λmax � 590 nm for CV and λmax � 554 nm
for EBT, respectively.

3.2.1 Effect of Nanocomposite Volume

In order to study the effect of nanocomposite volume in
catalytic degradation of dyes, different volumes (0.25 mL,
0.5 mL, 1 mL, 1.5 mL and 2 mL) of both NC1 and NC2
were tested with 25 mL of cationic or anionic dye solution
having concentration 5 mg/L at room temperature for maxi-
mumcontact time of about 24 h.By using spectrophotometer,
initial absorbance (Ai) was noted for all the dye solutions
before adding nanocomposite. After 24 h, final absorbance
(Af) was noted and % degradation was calculated and shown
in Fig. 4.1a, b.

In case of crystal violet-cationic dye (Fig. 4.1a),maximum
percentage degradation of 70% and 92% was observed at
2 mL and 1.5 mL for NC1 and NC2, respectively. In case of
EBT (Fig. 4.1b), maximum percentage degradation of 35%
and 39% was observed at 1.5 mL and 1 mL for NC1 and
NC2, respectively.

In the beginning, lower degradation percentage was
observed that gradually increases till the attainment of an
optimized value. Afterwards, degradation efficiency was
found to be decreased with increasing volume of respec-
tive nanocomposite. Decreased dye degradation in the initial
phase was due to lesser reactive species generated by
fewer electron–hole entities in the aqueous reaction mixture.
Increased degradation trendwas observed owing to increased
generation of more reactive species facilitated by higher con-
centration of NC1 or NC2 in the reaction mixture. Hence,
higher volume values of the nanocatalysts favor the degra-
dation of both dyes. After the optimum response, further
increase in volume of nanocomposite decreased the degrada-
tion efficiency. This is due to the agglomeration phenomena
that increased the particle size leading to reduced surface area
and surface active sites.

NC2 showed better degradation percentage and catalytic
activity with both types of dyes as compared to NC1. This is
because NC2 was more active catalyst on the basis of opti-
cal band gap energy value. Reducing band gap value can
extend the energy range of photoexcitation and thus leads to
enhanced photodegradation process [1].

3.2.2 Effect of Dye Solution pH

Catalytic activity of NC1 andNCwas also investigated under
various pH conditionswithin range of 2–10. In order to calcu-
late optimized pH value, both cationic and anionic dye in all
types of pH environment was studied with constant remain-
ing experimental parameters. Graph between % degradation
and dye solution pH is plotted and shown in Fig. 4.2a, b.
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Fig. 3 SEM images of NC1 and
NC2 at scale of (a, e) 500 nm (b,
f) 1 μm (c, g) 2 μm and (d,
h) 5 μm
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CV (a, b) and EBT(c, d), 5: Effect of temperature on degradation studies of CV (a) and EBT (b), 6: Interference studies for CV (a) and EBT (b),
7: Scavenging radical study for CV (a) and EBT (b)
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Fig. 4 continued
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Fig. 4 continued

NC2 illustrates better degradation percentage and cat-
alytic activity with both types of dyes as compared to NC1.
Maximum degradation of about 85% and 74% at pH 8 (in
alkaline media) was observed for cationic dye by NC2 and
NC1, respectively, while in case of anionic dye, degradation
percentage of about 78% and 73% at pH 4 (in acidic media)
was examined for NC2 and NC1, respectively.

In case of CV dye, hydroxyl radicals (OH·) are predomi-
nantly involved in degradation procedure (discussed further
in radical scavenging experiment) and these are formedby the
reaction of holes (h+) with hydroxyl ions (OH−) (Scheme 1).

Under acidic medium, primarily present photogenerated
holes (h+) and minor quantity of hydroxyl ions (OH−)
attributed to lower number of hydroxyl radicals (OH·).
Hence, under low pH conditions, minimum dye degrada-
tion percentage is attained. In alkaline medium, formation
of hydroxyl radicals (OH·) is favored by large number of
hydroxyl ions (OH−) that in turn effectively increase the
degradation percentage value.

In case of EBT dye, superoxide radical plays the major
role in degradation. These are formed when the electrons of

conduction band react with adsorbed oxygen molecules as
shown in Scheme 1 and Eq. 3 [39]:

O2 + e− → O·−
2 (3)

O·−
2 + OH· → OH− +1 O2 (4)

Here the highest degradation percentage is observed at
low pH value. Decreased percentage values under alkaline
conditions are due to the reason that excessive number of
hydroxyl radicals convert superoxide radicals to hydroxyl
ions (Eq. 4) and hampered the dye degradation process.

In order to further elaborate the impact of pH conditions
on catalytic activity of both composites, PZC calculation is
considered. PZC for NC1 and NC2 is 7.3 and 6.8 as depicted
in Fig. 4.3a, b.
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Scheme 1 Formation of reactive species for dye degradation process

In acidic medium (below the PZC value), cationic dye and
nanocatalyst developed electrostatic repulsion between them
resulting in decreased percentage of dye degradation, while
in alkaline medium (above PZC value), the favorable inter-
action developed between negatively charged nanocatalyst
and cationic dye leading to higher degradation percentage.
But competition developed at even higher pH values between
negatively charged nanocatalyst surface andOH¯ ions for dye
interaction in the reaction mixture. Moreover, under these
conditions, the structure of dye is altered by excessive num-
ber of OH¯ ions [40].

In acidicmedium (belowPZCvalue), the nanocatalyst sur-
face functional groups have been protonated and developed
favorable interaction with anionic dye. Alternatively, in alka-
line medium (above PZC value), drastic decreased in anionic
dye degradation was observed due to negatively charged cat-
alyst surface that imposes repulsion towards anionic dye
molecules and OH¯ ions within the reaction mixture [1, 41].

3.2.3 Effect of Contact Time and Dye Concentration

In order to optimize the influence of dye concentration and
contact time for maximum degradation of crystal violet
and eriochrome black T by NC1 and NC2 nanocompos-
ite, 25 mL of dye having varying concentration (5 mg/L,
25 mg/L, 50 mg/L, 75 mg/L and 100 mg/L) was shaken
with optimum volume of nanocomposite by keeping other
experimental parameters constant. Initially, absorbance val-
ueswere noted for all dye concentrations at zero timewithout
adding nanocomposite. Then, absorbance taken at regular
time intervals of 30, 45, 60, 90, 120 and 180 min for each
dye concentration (5 mg/L, 25 mg/L, 50 mg/L, 75 mg/L, and

100mg/L) is considered as final absorbance value and shown
in Fig. 4.4a–d.

In case of CV (Fig. 4.4a, b), both the composite depicted
optimum degradation percentage at lower dye concentration
value of 5 mg/L within initial 60 (NC1) and 45 min (NC2).
On the other hand, in case of EBT (Fig. 4.4c, d), NC1 and
NC2 illustrated optimal response within 90 and 60 min for
5 mg/L dye concentration.

It has been observed from the catalytic activity of NC1
or NC2 that increasing dye degradation trend was observed
within the time frame of 45–90min but after achievingmaxi-
mum degradation, the percentage began to decrease at higher
concentration values. Initial incremented degradation was
corroborating to the fact that maximum interaction has taken
place between dye molecules and reactive species. Higher
dye concentration reduces the number of active adsorption
sites for hydroxyl ions or oxygen molecules. Further, it
decreases the path length of light photons. Both of these fac-
tors contribute to the generation of fewer reactive species.
This eventually impacts the dye degradation efficiency [1].

3.2.4 Effect of Temperature

Temperature is also crucial and essential parameter to inves-
tigate that whether degradation mechanism is exothermic or
endothermic in reaction. Factor of temperature is optimized
to examine the maximum degrading efficiency of both NC1
and NC2 for cationic-CV and anionic-EBT dyes. Dye degra-
dationwas studied at four different temperature values. Initial
absorbance (Ai) wasmeasured separately before adding NC1
or NC2 in dye solution. Final absorbance (Af) was also mea-
sured after adding nanocatalyst at their respectivemaintained
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temperature values and shown in Fig. 4.5a, b. Both dyes CV
and EBT have shown maximum degradation at room tem-
perature (25 °C) by NC1 or NC2 nanocatalysts. CV has been
degraded to 57% and 73%, while EBT has been degraded to
62% and 70% by NC1 and NC2, respectively.

It has been observed that decreasing degradation trend
is obtained with increasing temperature for both CV and
EBT. At increased temperature, lesser reactive species was
generated and lesser interaction was promoted between
dye and nanocatalysts. At ambient temperature, increased
dye degradation was noted due to exothermic property of
nanocatalysts. Availability of more reactive species facili-
tates interaction at lower temperature values, while higher
temperature values may favor the degradation of catalysts.
Optimum temperature value of 25 °C has shown efficient and
maximumdegradation percentages for both CV and EBT [1].

3.2.5 Effect of Interfering Ions

Wastewater comprises various ionic, neutral inorganic
species that can influence the catalytic performance of
nanocomposites. Effective degradation of dyes was also
affected by presence of inorganic salts, and hence, optimized
degradation approach has been studied in the presence of
these salts.

In order to evaluate the influence of salts on degrada-
tion percentage, the effect of various interfering ions such
as NaCl, NaNO3 and Na2CO3 was explored.

In case of crystal violet, both NC1 and NC2 (Fig. 4.6a)
have shown 99% degradation in the absence of interfering
ions, while the efficiency of NC1 and NC2 has decreased to
76% (NaCl), 68% (NaNO3), 82% (Na2CO3), 60% (NaCl),
71% (NaNO3) and 64% (Na2CO3), respectively.

In case of eriochrome black T, as given in Fig. 4.6b, about
73% degradation in the absence of any interfering ions was
observed with NC1, while 68%, 54% and 61% percentage
was depicted in the presence of NaCl, NaNO3 and Na2CO3

salts. Similarly, NC2 has shown about 78% degradation in no
interference condition, while 62%, 59% and 71% degrada-
tionwas shown in the presence ofNaCl, NaNO3 andNa2CO3

salts. Nitrate and chloride seem to decrease the degradation
percentage appreciably. This is due to the fact that nitrate
anions can act as hydroxyl radical and electron scavenger,
while chloride seems to trap both holes and hydroxyl radi-
cals [42, 43].

3.3 Possible Mechanism of Catalytic Dye
Degradation Process

Most appropriate and proposed mechanism of dyes degrada-
tion by utilizing biosynthesized nanocatalysts is depicted in
Eqs. 5 to 9.

Nanocatalyst being exothermic and reactive in nature
when shakenwith dye, the heat energy is produced thatmight
be equal or greater than band gap energy of nanocatalyst
which eventually stimulated the electrons (e¯) in the valence
band of nanocatalyst. The stimulated electrons (e¯) became
excited and transferred to conduction band (CBe¯) of nanocat-
alyst. This resulted in a vacancy or holes (h+) in the valance
band of nanocatalyst.

Nanocatalyst→Nanocatalyst(CBe−)+ Nanocatalyst(VBh+)

(5)

These positive and negative charge carriers generated
within the nanocatalyst undergo redox reaction with water
and oxygen available to the nanocatalyst in the reaction mix-
ture. The oxygen molecules undergo reduction reaction by
electrons of conduction band (CBe¯) for producing super-
oxide radical anion (O2

·−). The water molecules undergo
oxidation reactionwith holes (h+) of the valance band (VBh+)
resulting in OH· radical production.

Nano catalyst(CBe−) + O2 → Nano catalyst(CB) + O·−
2

(6)

(7)

Nano catalyst(VBh+) + H2O/OH
−

→ Nano catalyst (VB) + OH·

Generated radicals OH· and O2
·− being very powerful

oxidants undergo further degradation of dyes. Oxidative
degradation of CV and EBT resulted in the production of
least harmful by-products of mineralization [44–46].

Dye (cationic) + OH· → Mineralized products (8)

Dye(anionic) + O·−
2 → Mineralized products (9)

Further radical scavenging experiment was also carried
out to evaluate the significant impact of reactive species
formed by nanocomposite on dye degradation procedure.
Different scavengers are utilized to trapmain reactive species
involved in crystal violet and eriochrome black T degra-
dation. In this experiment, iso-propanol (IP), ascorbic acid
(AA) and oxalic acid (OA) were considered as quenchers for
superoxide radical, hydroxyl radical and holes. The effect of
scavengers on degradation of dyes is depicted in Fig. 4.7a, b.

In case of crystal violet dye (Fig. 4.7a), about 99% degra-
dation was observed without scavenger added, while in the
presence of IP, AA and OA scavengers, NC1 depicted 72%,
68% and 85% degradation percentage and NC2 illustrated
57%, 49% and 78%, respectively.

In case of eriochrome black T, NC1 has shown 73%
degradation in the absence of scavengers, while 48%, 56%
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Scheme 2 Synthesis of MnO2 nanoparticles by Eucalyptus phytochemicals
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and 62% degradation was observed with IP, AA and OA
scavengers, respectively. NC2 has exhibited about 78%
degradation in no scavenging condition, while 53%, 58%
and 64% with IP, AA and OA, respectively, as depicted in
Fig. 4.7b. Superoxide radical and hydroxyl radical are major
reactive species responsible for degradation of crystal violet
and eriochrome black T [47].

In the end, it can be concluded that nanocomposites have
stable nature because these are prepared by combination of
two green-synthesized semiconductor material (BCDs (p-
type) or SCDs (n-type) and MnO2 (intrinsic)). There would
be a heterojunction type II structure between the two dissim-
ilar semiconductors. Band gaps of both semiconductors have
some potential difference at their junction which resulted in
band bending for maintaining the charge carrier’s separation
efficiently within the nanocomposite. Dopant is used in the
preparation of both BCDs- and SCDs-type semiconductors
because it could promote the rapid electron excitation from
valence band to conduction band and also decrease band gap
of both nanocomposites (NC1 and NC2) [45].

3.4 Proposed Pathway for Preparation
of Nanoparticles

Eucalyptus citriodora phytochemicals such as catechin,
chlorogenic acid, gallic acid and protocatechuic acid under
nearly neutral conditions have beenoxidized to generate elec-
trons for reduction ofMnO4

− salt solution toMnO2 nanopar-
ticles. Reduction pathway has been shown in Scheme 2.

4 Conclusion

Biosynthesized nanocomposites based on MnO2 nanoparti-
cles and boron- or sulfur-doped carbon dots were prepared
through green route utilizing E. citriodora leaf extract. Com-
parative influence of different dopant sources on nanocom-
posite synthesis was investigated through dye degradation
studies of crystal violet and eriochromeblackT.Results illus-
trated that optimum degradation of crystal violet (5 mg/L)
and eriochrome black T (5 mg/L) was attained with a smaller
volume of NC2 in shorter time span. Both nanocompos-
ites proved to be promising candidate for excellent catalytic
degradation of dyes. However, NC2 has shown better degra-
dation for both cationic and anionic dye than NC1. This is
due to decreased band gap value of NC2 as incorporation of
dopant facilitates the upward and downward shift in density
of energetically accessible acceptor states of valance and con-
duction bands. Eventually, it increases the number of carriers
in both bands and promotes carrier–carrier interaction.
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