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Abstract The large capacity of wastewater production due to rapid growth of industries has

resulted in limited water resources. The need to protect and conserved water resources have

enforced researchers worldwide to focus on the development of an effective, economical and envi-

ronmentally friendly novel materials. In this study, green synthesis of zinc oxide nanoparticles

(ZnONPs) using T. diversifolia leaf extract by hydrothermal method was loaded on the surface

of flamboyant pods (Delonix regia) activated carbon (FPAC). The developed ZnONPs loaded on

the surface flamboyant pods activated carbon (ZnONPs-FPAC) was used successfully to

remove of methylene blue (MB) from aqueous solution. The developed FPAC, ZnONPs and
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ZnONPs-FPAC were characterized UV–Vis spectroscopy, Fourier-transform infrared spectroscopy

(FT-IR), X-ray diffraction (XRD), Scanning electron microscopy with energy dispersive X-ray

spectroscopy (SEM/EDX), Transmission electron microscope (TEM) and Brunauer-Emmett-

Teller (BET) techniques. The antibacterial activity of the synthesized FPAC, ZnONPs and

ZnONPs-FPAC were screened and the results revealed that ZnONPs has an excellent antibacterial

activity when compared. Batch adsorption studies were conducted to investigate the influence of

process parameters such as initial concentration, contact time, pH, adsorbent dosage and temper-

ature on MB uptake. The high BET surface area of 794.48 m2/g and mesoporous ZnONPS-FPAC

developed gave good adsorption capacity of 186 mg/g. Equilibrium adsorption data of MB were

modelled using Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (D–R) isotherm model.

The adsorption of MB onto ZnONPs-FPAC was best described by Freundlich model indicating

surface heterogeneity, and pseudo-second-order kinetics according to %Dqe (normalized standard

deviation), SSE (sum of square error), and R2 (coefficient of determination) values. The results

of the thermodynamic suggest that the adsorption process of MB onto ZnONPs-FPAC is

endotherm, favourable, spontaneous, and physical. In nature. The reusability of ZnONPs-FPAC

was examined upto five cycles with no significant loss in removal efficiency. The mean free energy

(E), and Enthalpy (DH) values calculated, suggested that the adsorption mechanism of MB on

ZnONPs-FPAC is dominated by physical adsorption.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

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

Rapid industrialization, urbanization, population growth and

advancement in science and technology has regarded as a major envi-

ronmental catastrophe worldwide (Chakraborty et al., 2020a,b; Deb

et al., 2021; Obayomi et al., 2020a). Industries such as pulp and paper,

food technology, leather tanning, textile, leather tanning, paper, cos-

metic, and plastic, discharge large volume of wastewater containing

dyes (Devi et al., 2020). The indiscriminate discharge of coloured

wastewater to the environment without adequate treatment could

destabilize biological activity of aquatic life and ecosystem due to light

penetration thereby affecting food chain (Hanafy, 2021). The existence

of dyes in water bodies even at minute concentration is extremely

undesirable and significant due to their mutagenic, carcinogenic and

low degradability effect on human (Roy and Saha, 2021). Methylene

blue (MB) is one of the most commonly used basic dyes in several

applications most especially in textiles industry. It causes severe toxic

effects to human such as dyspnea, profuse sweating, chest pain, severe

headache, vomiting, diarrhea, cyanosis, skin irritation, nausea symp-

toms, methemoglobinemia and many more (Kamaraj et al., 2020).

Thus, there is an urgent need to develop a robust, low cost and envi-

ronmentally friendly innovative treatment technique to remove dye

molecules from water bodies.

Numerous techniques such as coagulation, reverse osomosis,

advanced oxidation, membrane separation, electrochemical processes,

and adsorption among others have been employed to mitigate toxic

dyes from wastewater (Liu et al., 2021a, 2021b; Wang and Yeap,

2021). Adsorption process is considered as the most popular technique,

owing to its simplicity of design, availability of adsorbent materials,

cost effective, eco-friendly, high removal efficiency, and ability to

remove soluble as well as insoluble organic pollutants (Ebili et al.,

2020; Awad et al., 2020; Palai et al., 2021). Activated carbon from nat-

ural and synthetic materials due to its porous structure and high sur-

face area has considered as an effective adsorbent for removing

organic and inorganic pollutants from wastewater. Several studies

have utilized suitability of biowaste materials (agricultural wastes)

for development of activated carbon as a result of their availability,

cost effectiveness, environmental friendliness and high carbon content

(Wong et al., 2018) as the presence of several functional groups such as

carboxylic, keto, amine, aldehyde on its surface help to enhance the

adsorptive efficiency of this waste thereby making them a potential

adsorbent for pollutants removal (Chakraborty et al., 2020a,b). The
use of biomasses as renewable precursors for the production of ACs

has improved in recent years due to the need to reduce costs, reduce

accumulated agro-industrial waste, and, most importantly, to carry

out environmentally sound processes. The utilization of flamboyant

pods (Delonix regia) as precursors for the production of a carbon acti-

vated material is a very successful example (Vargas et al., 2011a,

2011b; Vargas and Lopes, 2020). Flamboyant pods (Delonix regia)

are lignocellulosic wastes that are abundant in several countries and

have been used as a renewable adsorbent and low-cost precursor to

prepare activated carbon for the removal of dyes and heavy metals.

Previous studies have reported the physicochemical characterization

of this biomass, which has shown a promising potential for use in

water treatment (Vargas et al., 2012a; Vargas et al., 2012b;

Dhaouadi et al., 2021).

Antimicrobial agents are agents that are either bactericidal (kill

bacteria) or bacteriostatic (slow the growth of bacteria) without being

highly toxic to nearby tissues, and they are the most important in the

fight against infectious diseases (Singh et al., 2019). However, due to

their widespread use and abuse, the emergence of bacterial resistance

to antibacterial agents has become a major challenge today. The

increasing resistance of microorganisms to antibacterial agents has

resulted in serious health issues in recent years. Most infectious bacte-

ria are resistant to at least one of the antibiotics commonly used to

eliminate infection (Singh et al., 2021). This problem has motivated

the development of new agents capable of effectively inhibiting the

growth of microorganisms. Researchers have recently studied various

nanosized antibacterial agents such as carbon-based nanoparticles,

polymeric chitosan nanoparticles, metallic and metal oxide

nanoparticles.

Recently, nanomaterials have gained great attention by scientific

community owing to their multitude of applications in various disci-

plines due their non-toxicity, biocompatibility and morphology

(Fakhari et al., 2019; Vijayakumar et al., 2020). Of these, metal oxide

nanoparticles gain huge attention for wastewater treatment due to

their unique properties which include excellent chemical and thermal

stability, high surface area, surface functional groups and high adsorp-

tion capacity (Katarai and Garg, 2017; Zafar et al., 2018). Plants and

their derivatives have been successfully used in the synthesis of various

green nanoparticles, including zinc oxide, tungsten oxide, tin dioxide,

iron oxide, titanium dioxide, platinum, palladium, silver, cobalt, gold,

magnesium oxide, and copper (Mali et al., 2020; Luque et al., 2020).

Among the various aforementioned nanoparticles, zinc oxide

http://creativecommons.org/licenses/by-nc-nd/4.0/
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nanoparticles (ZnO-NPs) because of its vital qualities which include

non-toxic nature, effectiveness, inexpensive production and surface

functional groups has been used in wastewater treatment (Agarwal

et al., 2017; Kamaraj et al., 2020). The development of ZnO-NPs via

chemical, and physical techniques has been explored by several

researchers; however, these techniques have limitations. The high

amount of energy consumption, high temperature and pressure condi-

tions and robust equipment required make them unattractive. The

green synthesis approach which is the biological method has risen as

an alternative eco-friendly and effective method. It has adopted the

principles of green chemistry by minimizing the use of unsafe reagents

and maximizing the efficiency of chemical processes (Bandeira et al.,

2020a, 2020b). Currently, biological approach to ZnO NPs synthesis

has become the most preferred synthesis route due to absence of toxic

chemicals, cost effectiveness, and eco-friendly. Several studies revealed

that the biological synthesis of ZnO nanoparticles is environmentally

friendly when compared to conventional physical or chemical methods

(Debnath and Mondal, 2020). The main benefits of biological synthesis

are the use of renewable resources, safer solvents and auxiliaries while

producing safer chemicals (Bandeira et al., 2020a, 2020b). Due to the

cost-effectiveness, easy to process and non-toxic nature, plants leaf

extracts are the most commonly used biological substrate for the green

synthesis of metal oxide NPs (Naveed et al. 2017). Also, there is no

exposure to health risks or concerns about safety issues during the pro-

cess and product purification, thereby a preferred choice of application

as antibacterial agent and wastewater treatment. In addition, plant

extracts can be obtained in a straightforward manner by exposing

the plant to a solvent, which is usually distilled water or ethanol

(Bandeira et al., 2020a, 2020b; Weldegebrieal, 2020). Several plants

leaf extracts such as Cassia fistula (Suresh et al., 2015), Pongamia pin-

nata (Sundrarajan et al., 2015). Tecoma castanifolia (Sharmila et al.,

2019), Acalypha fruticosa (Vijayakumar et al., 2020), Moringa oleifera

(Letsholathebe et al., 2021a, 2021b), Parthenium hysterophorus

(Umavathi et al., 2021a, 2021b), Hibiscus rosa-sinensis (Debnath

and Mondal, 2020), Prosopis juliflora (Mydeen et al., 2020) have been

utilized for the synthesis of ZnONPs. Tithonia diversifolia, an essential

part of the sunflower family, Asteraceae is commonly known as Mex-

ican sunflower. It is used in traditional medicine for the treatment of

liver disease, menstrual pain, inflammation, malaria, sore throat, dia-

betes, malaria and diabetes. T. diversifolia contains potent anticancer,

anti-obesity and anti-inflammatory, neuroprotective and antioxidant

activities (dos Santos Silva et al., 2021; Chunudom et al., 2020). In this

study, T. diversifolia leaf extract was utilized to synthesis ZnONPs via

green synthesis and was loaded on flamboyant pods (Delonix regia)

activated carbon (ZnONP-FPAC) for the elimination of MB from

aqueous solution. The potential applicability of the developed adsor-

bent for the removal of MB was tested in a batch system under differ-

ent experimental conditions to determine the effect of process

parameters such as pH, contact time, initial concentration and adsor-

bent dosage. The adsorption isotherm and adsorption kinetic models

were studied to understand the adsorption mechanism. Furthermore,

antimicrobial activity of the developed adsorbents against E. Coli,

Pseudomonas aeruginosa, Bacillus subtilis, and salmonella sp. was also

examine

2. Materials and methods

2.1. Materials and chemicals

T. diversifolia fresh leaves and Flamboyant pod (Delonix regia)
were collected from Teaching and Research Farm in Land-
mark University, Nigeria. Potassium hydroxide (KOH),

sodium hydroxide pellets (NaOH), Methylene blue (C16H18-
CIN3S), Mueller hinton ager, dimethyl sulfoxide (DMSO)
and zinc nitrate hexahydrate (Zn(NO3)2.6H20) of analytical
grade were purchased from Sigma Aldrich and used without
further purification.

2.2. Plant extract preparation

T. diversifolia leaves were washed, dried and powdered. 10 g of
the dried powdered leaf was added to 100 mL of double dis-

tilled water and was boiled at 70 �C under continuous stirring
to achieve proper mixing for 15 min in a magnetic stirrer. The
aqueous extract was cooled and then filtered with Whatman

No. 1 filter paper in other to remove leaf debris. The filtered
extract was later subjected to phytochemical screening follow-
ing the standard procedure to identify the presence of active

constituents such as flavonoid, tannin, glycoside, alkaloids,
saponin, steroids, and phenol.

2.3. Green synthesis of ZnONPs

20 mL of plant extracts solution was taken into a 250 mL bea-
ker and 100 mL of 0.1M zinc nitrate was added and the mixture
was vigorously stirred at 80 �C for 2 h. 50 mL of 2 M NaOH

was added dropwise to the mixture at an interval of 5 min to
raise the pH of the solution to 8. A greenish yellow precipitate
was observed at the initial stage and after 2 h the precipitate

changes to white. After this, the precipitate was allowed for
24 h to settle and centrifuged at 8000 rpm for 15 min. The col-
lected sample was washed 3 times with deionized water and
then finally dried in an oven at 60 �C for 8 h. After drying,

the sample was annealed at 400 �C for 1 h (Fagier and
Kumar, 2021). The calcined sample was crushed into fine pow-
der and stored in an airtight container for further use.

2.4. Development of flamboyant pods activated carbon (FPAC)

Flamboyant pods were collected, washed and sun dried for 6 h

and then oven dried at 108 �C overnight. The dried pods were
weighed into a crucible and placed in a muffle furnace. The fur-
nace was heated at 400 �C for 60 min at a heating rate of 20 �C/
min under purified nitrogen (99.99%) atmosphere and 100 cm3/
min flow rate. The prepared char was impregnated with KOH
at a ratio of 2:1 (KOH/char) and was left overnight. When
the activation process was completed, the sample was thor-

oughly washed with 0.1 M HCl solution followed by distilled
water until a PH range of 6.8–7.0 was achieved; it was oven
dried at 109 �C for 2 h, crushed to a particle size of 125 lm
and finally stored in an airtight container for further analysis.

2.5. Development of ZnONPs-FPAC adsorbent

The development of ZnONPs-FPAC was done as per proce-
dure of Aigbe and Kavaz (2021). Briefly, 5 g of ZnO-NPs
was measured into 250 mL beaker containing 100 mL distilled

water and stirred vigorously using a magnetic stirrer for
45 min. After that, 10 g FPAC was added into the solution
with continuous stirring for another 1 h at 150 �C.Thereafter,
the product was filtered and washed with double de-ionized

water to remove impurities which are soluble. The sample
was then calcinated at 200 �C for 2 h and stored in an airtight
container for characterization.
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2.6. Characterization of ZnONPs, FPAC and ZnONPs-FPAC

The synthesized materials were analyzed by Shimadzu UV– vis
spectrophotometer (UV-1800) with the scanning recorded
from 190 to 800 nm. X-ray diffractometer (XRD), Bruker

D8 Advance model) pattern was applied to examine the crys-
tallographic of the prepared materials using Cu - Ka radiation,
2h range from 10� to 80� with 0.02� step size. Fourier-
transform infrared (FTIR) spectra were collected (using an

FT-IR, Agilent Cary 600) and used to investigate the func-
tional groups of the materials. The FTIR peaks were observed
and recorded over the range of 4000– cm�1. The surface mor-

phology of the materials was investigated using a scanning
electron microscope (SEM) (Zeiss Sigma, Germany) equipped
with a Bruker energy dispersive X-ray spectroscopy (EDX)

detector. Brunauer Emmett Teller (BET) (TristarTM II 3020,
Micromeritics, USA) was used to determine the materials sur-
face area, pore size and pore volume. The synthesized ZnO

nanoparticles were characterized for their shape and size distri-
bution using a high-resolution transmission electron micro-
scope (HTEM) (JEM-2100F, Japan) coupled with EDX
detector (JEOL-JED-2300).

2.7. Antibacterial activity of FPAC, ZnONPs and ZnONPs-

FPAC

Antibacterial activities of the three developed materials
(ZnONPs-FPAC, FPAC and ZnONPs) at different concentra-
tions (25, 50 and 100 mg/mL) were tested against Gram nega-

tive (Pseudomonas aeruginosa, Salmonella typhi and
Escherichia coli) and Gram positive (Bacillus subtilis) organ-
isms. Agar-well diffusion method was used with 9 mm diame-
ter wells and approximately 20 mL of Muller Hinton Agar

(MHA). Streptomycin (10 mg/mL) was used as positive con-
trol while dimethyl sulfoxide (DMSO) was used as negative
control. The wells were filled with 100 mL of the test material,

allowed to stand for a while and incubated at 37 �C for 24 h.
Thereafter, the diameter of the zone of inhibition was mea-
sured in millimeter. Statistical analysis was carried out using

one-way analysis of variance (p = 0.05).

2.8. Equilibrium and kinetic adsorption studies

Batch adsorption studies were carried out to investigate the
effect of initial MB concentration, temperature, pH and con-
tact time on the adsorption of MB onto ZnONPs-FPAC
adsorbent. Equilibrium adsorption studies were performed in

a set of Erlenmeyer flasks (250 mL) containing 100 mL of
the MB solutions at different initial concentrations (20–
100 mg/L). About 0.1 g of ZnONPs-FPAC adsorbent was

added, mixed and placed in water bath isothermal shaker at
35 �C for 2 h, and shaker speed of 140 rpm to attain equilib-
rium. The water-bath shaker temperature was adjusted to

45 �C and 55 �C, and similar procedure was repeated with
another set of flasks containing same different initial dye con-
centrations (20–100 mg/L). The flasks were afterwards

removed from the shaker for determination of final concentra-
tion of the solution using UV–vis spectrophotometer at
maximum wavelength of 664 nm. The percentage removal
and amount of the MB adsorbed at time t, at equilibrium

qe (mg/g) was calculated using the following equations.
%MB removal ¼ Co � Ce

Co

� �
� 100 ð1Þ

qe ¼
C0 � Ceð ÞV

W
ð2Þ

where Co and Ce are the initial and equilibrium concentration
of MB dye (mg/L) respectively; V ¼ is the dye solution volume
(L); and W ¼ is the weight of the adsorbent used (g).

The amount of MB dye adsorbed at a fixed time interval (t),

qt (mg/g) is given by;

qt ¼
C0 � Ctð ÞV

W
ð3Þ

where Ct (mg/L) represent MB concentration at different time,
t.

2.9. Error analysis

Error analysis such as sum of square error (SSE) and normal-

ized standard deviation Dqe %ð Þwere employed in this study to
predict the fitness suitability of the adsorption isotherm and
kinetics models as a result of the integral bias resulting from

the transformation which riding towards a diverse form of
parameters estimation errors and fits distortion. The error
analysis equations for sum of square error (SSE) and normal-

ized standard deviation Dqe %ð Þ is given by;

Dqe %ð Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qi;exp � qi;cal
� �

=qi;exp
� �2

N� 1

s
ð4Þ

ERRSQ=SSE ¼
XN
i¼1

qi;cal � qi;exp
� �2 ð5Þ

where N is the experimental sample number; qi;exp is the

adsorption capacity obtained from experimental results at

equilibrium (mg/g); and qi;cal is the calculated adsorption

capacity obtained from the models at equilibrium (mg/g).

2.10. Adsorbent reusability

The ZnONPs-FPAC after MB adsorption experiment was sim-
ply recovered from the aqueous medium by filtering with filter
paper, washed several times with ethanol and distilled water,
and dried finally in an oven at 108 �C for 1 h. The recovered

adsorbent was used again for the adsorption of MB repeatedly
for five cycles under predetermined process conditions.

3. Results and discussion

3.1. Phytochemical screening of T. diversifolia

Phytochemical screening was done in this study to identify the
presence of secondary metabolites in T. diversifolia extract and

the resulted is presented in Table 1. The phytochemical screen-
ing of T. diversifolia extract revealed the presence of flavo-
noids, tannins, glycosides, alkaloids, saponins, steroids, and

phenol while terpenoids was absent. flavonoids, glycosides,
alkaloids, steroids and phenol in the extract were more when
compared with tannins and saponins which were observed to
be present in low amount. The presence of these bioactive com-



Table 1 Phytochemical screening of T. diversifolia leaf

extract.

Plant constituents

Flavonoids ++

Tannins +

Glycosides ++

Alkaloids ++

Saponins +

Steroids ++

Phenol ++

Terpenoids –

Absence of plant constituents + Presence of plant constituents.

Biosynthesis of Tithonia diversifolia leaf mediated Zinc Oxide Nanoparticles loaded 5
pounds serves as antioxidants for neutralizing chelate metals,
free radicals and reactive oxygen species (ROS) (Bandeira

et al., 2020a, 2020b). Reports from literature have confirmed
the active involvement of phenol and flavonoids in the forma-
tion, bio reduction, and stabilization of metals and metal oxide

Marsoul et al., 2020; Sujamol et al., 2021). The functional
groups present in the phytochemicals of T. diversifolia leaf
extract is an indication that it can utilized for the green synthe-

sis of nanoparticles thereby making the leaf a more valuable
product. T. diversifolia leaf extract antioxidants are responsible
for reducing zinc (II) ions to metallic zinc rather than forming
coordinated complexes with them. Following zinc bioreduc-

tion, metallic zinc reacted with dissolved oxygen in the solution
to form ZnO nuclei. It was discovered that T. diversifolia com-
pounds act as a stabilizer, preventing agglomeration of particle

and crystal growth. This mechanism is similar to the study
reported by Gupta et al., (2018).
Fig. 1 UV–Vis absorption spectra of Z
3.2. Characterization

3.2.1. UV–Vis absorption measurement of synthesized ZnONPs

UV–Vis absorption spectroscopy shows that synthesized

ZnONPs exhibited strong absorption peak at 385 nm as
depicted in Fig. 1.

This peak confirmed the effective synthesis of ZnONPs
from T. diversifolia leaf extract. This result was in agree-

ment with recent findings of Sharmila et al., (2019) studied
green synthesis of ZnO nanoparticles using Tecoma castani-
folia leaf extract and reported the absorption peak at

380 nm. Umavathi et al. (2021a, 2021b), also reported the
absorption peak of ZnONPs from P. hysterophorus at
380 nm.

3.2.2. TEM analysis

Transmission electron microscopy (TEM) is one of the vital
tools for characterizing both nanoparticles and nanocompos-

ites because it unravels their sizes, shapes and morphology
(Dada et al., 2017). Fig. 2(a-d) show the TEM images at differ-
ent magnifications. High resolution TEM images revealed a

spherical shape of biosynthesized ZnO nanoparticles with
average particles sizes ranging from 9.83 nm to 28.85 nm.
The TEM images show that ZnO nanoparticles are not in
physical contact with one another but are separated by uni-

form inter-particle distance. The presence of secondary
metabolites serving as the capping agent and bioinorganic
compounds in the leaves extract contributed to the thickness

of the nanoparticles. Similar spherical shape was obtained
from the studies carried out by Sharmila et al., (2019) and
Rana et al., (2016). ZnO nanoparticles were synthesized by

green synthetic route using Tecoma castanifolia and Terminalia
nONPs by T. diversifolia leaf extract.



Fig. 2 TEM images of biosynthesized ZnO nanoparticles using T. diversifolia leaf extract at different magnifications.
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chebula fruit extracts respectively (Rana et al., 2016; Sharmila

et al., 2019). The reports from literature (Basnet et al., 2018;
Brayner et al., 2010; Mahamuni et al., 2019; Talam et al.,
2012) further supported the spherical shape of biosynthesized

ZnO NPs found in the study.
3.2.3. XRD analysis

The XRD patterns and crystalline phase of synthesized FPAC,

ZnONPs and ZnONPs-FPAC at room temperature are
depicted in Fig. 3. The observed peaks 26.5� and 43.0� corre-
spond to (002) and (001) indicates the presence of activated
carbon (Fig. 3a). The absence of sharp peaks and the exhibi-

tion of a broad diffraction peaks revealed that the activated
carbon is amorphous in nature (Saini et al., 2017; Yahya
et al., 2020). Fig. 3b revealed the diffraction patterns of green

synthesized ZnONPs, diffraction angles 2h and peak intensity.
The result shows different diffraction peaks at 31.7�, 34.5�,
36.6�, 47.1�, 56.9�, 63.2�, 66.7�, 68.1�, 69.5�, 73.0� and 77.2�
which correspond to the muller indices or diffraction plane
(hkl) (100), (001), (101), (102), (110), (103), (200), (112),
(201), (104) and (202) confirms the hexagonal phase of wurt-

zite structure of the synthesized ZnONPs (Chakraborty et al.,
2020a,b; Soares et al., 2020). The absence of additional peaks
indicates that the synthesized ZnONPs was pure crystalline in
nature (Umavathi et al., 2021a, 2021b). The size of the pre-

pared ZnONPs was calculated using Scherrer’s equation as
below
D ¼ 0:9k
b cos h

ð6Þ

where Dis the crystalline size of the nanoparticles, k is the

wavelength, b is the average full width half maximum calcula-
tion and h is the diffraction angle (Bragg angle). The average
crystalline size of the synthesized ZnONPS was calculated to

be 22.78 nm which was in close agreement with the findings
of Fakhari et al. (2019). The characteristics peak obtained
from the synthesized ZnONPs were in good agreement with

the standard JCPDS card no. 36-1451 (Soto-Robles et al.,
2019; Letsholathebe et al., 2021a, 2021b). Fig. 3c revealed
the XRD diffraction pattern of ZnONPS-FPAC. The XRD
pattern of ZnONPS-FPAC showed an additional characteris-

tic peak along with carbon planes when compared. The result
indicates that the FPAC amorphous structure changes into
some degree of crystalline nature due to the addition of

ZnONPs on the surface of FPAC (Saini et al., 2017;
Kamaraj et al., 2020).

3.2.4. FTIR analysis

The characteristic surface chemistry of FPAC, ZnONPs and
ZnONPs-FPAC were investigated using the FTIR spectral
techniques as presented in Fig. 4(a-c), respectively. Based

on Fig. 4a, the FPAC spectra revealed the presence of O-H
and N-H functional groups at 3600 cm�1 absorption peaks
which could be assigned to some adsorbed water or hydroxyl

group. The FPAC absorption peaks at 2839, 2904 and



Fig. 3 XRD analysis of (a) FPAC (b) ZnONPs and (c) ZnONPs-FPAC.
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3398 cm�1 could be due to the carbonization and chemical
activation of the carbon material. The bands at 1750 and
2349 cm�1 were assigned to C-H vibration stretching. The

spike in the absorption peak around 1589 cm�1 was assigned
to C-O formation (Chafidz et al. 2018). The absorption peaks
Fig. 4 FTIR analysis of (a) FPAC (b
at 1381 cm�1 may be assigned to the presence of C-OH
stretching vibration (Sharmila et al.,2019). The absorption
band at 1103 cm�1 correspond to the angular deformation

in the plane of C-H bonds of the aromatic rings (Vargas
et al., 2011a, 2011b).
) ZnONPs and (c) ZnONPs-FPAC.
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As given in Fig. 4b, the ZnONPs spectra absorption bands
between 3429 and 3394 cm�1 were assigned to O-H and N-H
stretching vibrations. The absorption band at 2400 cm�1 cor-

responds to C�N and C�C stretching vibrations. The absorp-
tion band at 1385 cm�1 was assigned to C-OH stretching
vibrations. The absorption bands at 585 cm�1 confirmed the

presence of Zn-O vibrations (Kasi and Seo, 2019; Rodwihok
et al., 2021). The functional groups observed in the FTIR anal-
Fig. 5 SEM/EDX analysis of FPAC (a);
ysis of ZnONPs revealed that phytochemicals such as alka-
loids, flavonoids, and phenolics present in the T. diversifolia
leaves extract contributed greatly to the formation and stabil-

ity of ZnO NPs synthesized via biogenic reduction (Ahmed
and Kalra, 2020).

ZnONPs-FPAC (Fig. 4c), on comparison with FPAC and

ZnONPs shows that that some peaks have shifted or disap-
peared and new onces were formed. The adsorption peak at
ZnONPs (b) and ZnONPs-FPAC (c).
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3660 cm�1 confirmed that the O-H stretching vibration could
be attributed to the presence of water molecules. The
ZnONPs-FPAC FTIR spectra shows some more peaks at

1103, 2349, and 2839 cm�1, which are similar to FPAC. The
adsorption peaks at 585, 1439, 1583, 2904, 3262, 3321 and
3830 cm�1 are apparent when ZnO-NPs was loaded on FPAC.

3.2.5. SEM/EDX analysis

The SEM images at different magnifications and chemical
composition (EDX) of FPAC, ZnONPs and ZnONPs-FPAC

are depicted in Fig. 5. The morphology of FPAC was observed
Fig. 6 N2 adsorption–desorption isotherm and pore diameter distri
to contains various pores caves as shown in Fig. 5(a). This
could be attributed to the aggressive attack of KOH during
chemical activation. The FPAC porous nature has a possibility

of providing additional spaces for ZnONPs when supported
on the external surface. The chemical composition of the pre-
pared FPAC as identified by the EDX spectrum confirmed the

presence of carbon (77.47%) and oxygen (22.53%) signals
while the other signals demonstrated level of unpredictable
substance in form of organic materials as contained in the

sourced sample (Obayomi and Auta, 2019). The formation
of aggregates in the form of small spherical grains which are
bution for FPAC (a-b) ZnONPs (c-d) and ZnONPs-FPAC (e-f).
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homogenous and uniformly distributed were observed for
ZnONPs SEM images as depicted in Fig. 5(b). The predomi-
nant spherical shapes could be attributed to the metal reducing

capacity of T. diversifolia leaf extract (Rajakumar et al., 2018).
The EDX spectrum revealed the presence of elements in the K-
orbital shell such Zn (87.47%) and oxygen (12.53%). The

other signals maybe attributed to bioorganic presence in the
T. diversifolia leaf extract (Sharmila et al., 2019). The SEM
images of ZnONPs-FPAC as presented in Fig. 5(c) showed

the agglomeration of ZnONPs on the FPAC surface. The dis-
tribution of white spots over the surface of FPAC, confirms
the presence of ZnONPs on the external surface of FPAC. It
was observed from the images that the addition of ZnONPs

on FPAC surface resulted in active sites and surface area of
ZnONPS-FPAC increased thereby improving the adsorption
uptake of pollutants (Liu et al., 2017). Although some pores

of FPAC were seen to have been dominated by ZnONPs.
The EDX analysis revealed the presence of Zn (11.43%), C
(82.43%) and O (6.14%) which are the constituents of

ZnONPs-FPAC.

3.2.6. BET analysis

The nitrogen adsorption–desorption isotherms and Brunauer-

Joyner-Halenda (BJH) pore size distribution plots for FPAC,
ZnONPS and ZnONPS-FPAC are depicted in Fig. 6. The val-
ues of the BET surface area for FPAC, ZnONPS and

ZnONPS-FPAC were 744.66, 241.20, and 794.48 m2/g; total
pore volume of 0.47, 1.004 and 0.57 cm3/g; and average pore
diameter of 2.72, 5.86 and 3.079 nm. The BET surface area

of ZnONPS-FPAC was observed to much higher when com-
pared to that of FPAC. The increased surface area of
ZnONPS-FPAC could be attributed to the surface modifica-
tion of FPAC with ZnONPS. The modification of FPAC with

ZnONPs was observed to have also increased the pore diame-
Fig. 7 Antibacterial activity mean plot for FPAC, ZnO
ter resulting in the collapse of some micropores structures
(Kamaraj et al., 2020; Liu et al., 2021a, 2021b). In accordance
with the International Union of Pure and Applied Chemistry

(IUPAC) classification, the isotherm curve of FPAC and
ZnONPS-FPAC exhibited Type II isotherm behaviour
(Fig. 6a & e) while ZnONPs exhibited Type III behaviour

(Fig. 6c.) which signifies nonporous and mesoporous struc-
tures (2–50 nm) (Sing et al., 1985; Thommes et al., 2015). It
was observed from the BET results that the micropore volume

(internal surface) of FPAC and ZnONPs-FPAC provides the
major proportion of the total pore volume (61.70 and
61.40%) while, the ZnONPs contributed more to the mesopore
volume (98.61%) which is the external surface (Table not

shown).

3.3. Antibacterial activity

The antibacterial activity of FPAC, ZnONPs and ZnONPs-
FPAC were presented in Figs. 7 and 8 respectively. The mean
plot presented in Fig. 7 revealed that ZnONPs-FPAC at

25 mg/mL was most effective against P. aeruginosa, but no
effect against the other three organisms. The same trend was
observed at 50 mg/mL and 100 mg/mL. However, the differ-

ence was only significant at 100 mg/mL compared to the activ-
ity of ZnONPs-FPAC against other tested bacteria (p = 0.05)
(Fig. 8c). FPAC at 25 mg/mL and 50 mg/mL, were again
active against P. aeruginosa, while there was no effect against

the other organisms tested. However, at 100 mg/mL, the activ-
ity of FPAC against P. aeruginosa had increased at from a
mean value of 13.5 mm to 18.0 mm. FPAC also showed activ-

ity against E. coli at 100 mg/mL (Fig. 8a). ZnONPs recorded
activity against all bacteria tested except Salmonella typhi at
25 mg/mL. however, at 50 mg/mL, it was active against all

bacteria tested. Increase in the concentration of ZnONPs to
NPs and ZnONPs-FPAC at different concentrations.



Fig. 8 Antibacterial activity of (a) FPAC, (b) ZnONPs and (c) ZnONPs-FPAC.
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100 mg/mL did not have a corresponding effect in the cases of

P. aeruginosa and Bacillus subtilis but an increase in activity
against Salmonella typhi and E. coli was observed (Fig. 8b).
Generally, it was observed that all the samples tested (FPAC,

ZnONPs, and ZnONPs-FPAC) were effective against P. aerug-
inosa, though FPAC at 100 mg/mL was the most effective. It
was observed from the results that ZnONPs at 50 mg/mL and

100 mg/mL were active against all the tested bacteria. This
could also be attributed to the bioactive phytochemical con-
stituents present in the plant extract which plays a vital role
in the biogenic formation of ZnONPs. The activity of these

materials could be as a result of their attachment to the cell
wall of the bacteria thereby lysing it, causing the loss of cell
membrane integrity and causing leakage of the content of

the cell and subsequent cell death (Sharmila et al., 2019;
Umavathi et al., 2021a, 2021b).

3.4. Adsorption studies

3.4.1. Effect of pH

The effect of solution pH on the removal of MB onto
ZnONPs-FPAC nanocomposite was investigated (Fig. 9a).
The experiment was performed at varied pH 2–12 for
60 min. The maximum removal was attained at higher pH 10

and lower removal was obtained at pH 2. This is due to the
fact that at lower pH, more hydrogen ions (protonation) were
formed in the solution thereby making the adsorbent surface

positively charged resulting in electrostatic repulsion between
the positively charged MB and positively charged adsorbent
surface (Muniyandi et al., 2021). The presence of more nega-

tive ions (deprotonation) on the adsorbent surface at higher
pH, promoted the maximum removal of MB by electrostatic
attraction between positively charged MB and negatively

charged adsorbent surface. An increased in solution pH (10),
resulted in the adsorption capacity of 93.13 mg/g and percent-
age removal of 99.07%. The effect of solution pH on the
removal of MB onto ZnONPs-FPAC can be conveyed by

ion exchange and electrostatic interaction. Similar trend was
reported by Zhang et al., (2021) who studied the efficient
removal of MB using the mesoporous activated carbon

obtained from mangosteen peel waste. The solution pH 10
was used throughout the adsorption processes.

3.4.2. Effect of contact time and initial MB concentration

The effect of contact time was investigated to measure the
adsorption equilibrium rate. The batch adsorption technique
was carried out at different initial MB concentration (20–

100 mg/L) for 120 min. As shown in Fig. 9b, it was observed
that on increasing time, the removal efficiency of MB also
increased and no further removal was observed after 60 min.

This could be attributed to the availability of more vacant sites
on the adsorbent surface at the initial stage thereby leading to



Fig. 8 (continued)
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Fig. 9 Effect of pH (a), contact time and initial concentration (b-d), adsorbent dosage (e) and temperature (f) on MB adsorption by

ZnONPs-FPAC.
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rapid MB adsorption rate. As the time progresses, the removal
efficiency slowly becomes steady, because the adsorbent vacant

sites became occupied with the MB molecules and this resulted
in slow adsorption rate. Furthermore, the MB molecules pro-
vides a vital driving force to sweep the overall mass transfer
resistance between the solid and aqueous phases (Kamaraj
et al., 2020). However, the MB removal efficiency was found

to have decreased from 98.18 to 89.67% as the initial MB con-
centration increases (Seera et al., 2021). Fig. 9c shows the
effect of initial MB concentration on the adsorption rate. At
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lower concentration (20 mg/L), equilibrium position was
achieved in 30 min, while it took 60 min before equilibrium
position was established at higher concentrations (40–

100 mg/L). This is because at lower concentration, more
vacant sites were available on the adsorbent surface with lim-
ited number of MB molecules to occupy and so, limited avail-

able MB molecules were rapidly adsorbed. More MB
molecules in solution at fixed adsorbent dosage with limited
vacant sites compete for the available binding sites of the

adsorbent before saturation at higher concentrations (Auta
and Hameed, 2011). Therefore, equilibrium condition was
achieved faster at lower concentration than at higher concen-
trations. The MB adsorption capacity at equilibrium was

found to have increased from 18.31 to 86.1 mg/g with initial
MB concentration from 20 to 100 mg/L. Therefore, it can be
said from the results obtained that the adsorption of MB on

ZnONPs-FPAC increases with increase in initial MB concen-
tration as presented in Fig. 9d.

3.4.3. Effect of ZnONPS-FPAC dosage

The experiment was conducted with varied dosage of
ZnONPs-FPAC from 0.1 to 1 g, constant initial MB concen-
tration of 100 mg/L and 60 min of agitation time at 308 K.

It was observed from the plot (Fig. 9e) that the adsorption
capacity and percentage removal of MB adsorbed varied with
varying adsorbent dosage. Rapid increase in the adsorption

capacity (86.1–95.77 mg/g) and percentage uptake (40.67–
99.74%) of MB was observed with increased adsorbent dosage
from 0.1 to 0.6 g. Furthermore, as the adsorbent dosage

increases beyond this point (>0.6), there was no significant
increase in the uptake and adsorption capacity as the MB
reaches saturation level. Finally, it can be said that at lower
adsorbent dosage, MB molecules compete for adsorption with

limited adsorbent sites. However, as the adsorbent dosage is
increased, more adsorbent sites are present thereby resulting
in a greater adsorption capacity and percentage removal of

MB (Olgun and Atar, 2012; Enniya et al., 2018).

3.4.4. Effect of temperature

The experiment was conducted at varied temperatures of 308,

318 and 328 K as shown in Fig. 9f. The result showed greater
adsorption capacity of MB with increasing temperature. This
could be attributed to the fact that temperature increase helps

to make the adsorbent sites more active thereby leading to
increase in electrostatic interaction between MB and the
ZnONPs-FPAC. Furthermore, the increase in temperature

which translated into increasing adsorption capacity of MB
Table 2 Adsorption isotherm model equations.

Isotherm models Linear form Plot

Langmuir 1
qe=

1
qmax

+
1

KLqmaxCe

RL ¼ 1
1þC0KL

Ce

qe
vsc

Freundlich logqe ¼ logKF+
1
n logCe log q

Temkin qe¼ RT
bT

lnAT + RT
bT

	 

lnCe

qevs

Dubinin-Radushkevich (D-R) ln qeð Þ ¼ ln qsð Þ � kade
2

E ¼ 1ffiffiffiffiffiffiffi
2kad

p
ln qe
could also be attributed to the fact that the adsorption process
was more endothermic in nature.

3.4.5. Adsorption isotherms

The adsorption of MB from aqueous solution by ZnONPs-
FPAC in a batch test was obtained and fitted using the follow-
ing isotherm models; Langmuir, Freundlich, Temkin and

Dubinin-Radushkevich (D-R). The linearized form of the
model isotherm equations is presented in Table 2. The Lang-
muir model assumes the existence of monolayer coverage of

the adsorbate at the outer surface of the adsorbent where all
sorption sites are similar (Li et al., 2021). The Freundlich
model assumes that the surface of sorbent has non-uniform

distribution of sorption heat. The model is applicable in fitting
experimental data over a wide concentrations range (Momina
et al., 2020). The Temkin model assumes that heat adsorption

of all molecules in the layer would decrease linearly rather than
logarithmic with coverage. The Temkin model is characterized
by a uniform distribution of binding energies up to some max-
imum binding energy (Foo and Hameed, 2010). The Dubinin-

Radushkevich (D-R) is used to determine the adsorption char-
acteristic porosity and apparent free energy. The model also
helps in investigating the nature of adsorption mechanisms

whether physical or chemical.
Where qmax is the maximum adsorption capacity of metal

ions (mg/g); KL is the Langmuir isotherm constant (L/g); RL

is the Langmuir dimensionless constant; C0 = initial concen-
trations (mg/L), kf is Freundlich constant related to adsorption

capacity, n is the adsorption intensity; AT is Tempkin isotherm
equilibrium binding constant (L/g), bT is the Tempkin iso-
therm constant (kJ/mol); qs is the theoretical isotherm satura-

tion capacity (mg/g); kad; is Dubinin–Radushkevich isotherm

constant (mol2/kJ2); E is the mean free energy (kJ/mol); R is

the universal gas constant (8.314 J/mol K) and T is the temper-
ature in Kelvin (K). The linearized Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich (D-R) models adsorption

plots is shown in Fig. 10(a, b, c & d). Isotherm models were
studied to determine the relationship between MB dye and
ZnONPs-FPAC, evaluate the adsorbent adsorption capacity
and investigate the bisorption mechanism. The isotherm best

fitness to the experimental data was selected based on the high-
est correlation coefficient (R2) (closest to unity) and smallest
values of SSE and%Dqe: Based on the results shown in Table 3,

the experimental data was best fitted to the Freundlich iso-
therm than the other three (Langmuir, Temkin and Dubi-
nin–Radushkevich (D–R) models for the adsorption of MB

on ZnONPs-FPAC. Thus, suggesting that adsorption process
Parameters References

e qmax;KL Langmuir, (1916)

evs logCe kf;
1
n

Freundlich, (1906)

lnCe AT; bT Tempkin and Pyzhev, (1904)

vse2 qs; kad;E Dubinin and Radushkevich, (1947)



Fig. 10 Plots of (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin–Radushkevich (D–R) isotherm models.
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occurs on a multilayer and heterogeneous surface of the adsor-
bent. The Freundlich isotherm parameter, 1/n gives a clear

information on surface heterogeneity and the exponential dis-
tribution of active sites and their energy. The heterogeneity
factor of 0 < 1/n < 1 shows the adsorption process is favour-

able with the surface becoming more heterogenous as the val-
ues approaches zero. The adsorption of MB on ZnONPs-
FPAC according to Freundlich model, was favourable and
heterogeneous in nature from the values of 1/n obtained which

is between obtained 0.329–0.421 (Table 3). Similar findings
have been reported by Alver et al., (2020) who reported the
use of magnetic alginate supported on rice husk for MB

adsorption. This finding was also in agreement with the work
of Ahmad et al., (2021) on MB adsorption from aqueous solu-
tion using peanut shell based activated carbon as an adsorbent.

To further ascertain the nature of the isotherm, an equilibrium
parameter expressed as dimensionless constant RL was evalu-
ated. The outcome of RL values obtained is interpreted as fol-
lows: adsorption systems with RL > 1 (unfavorable),

0 < RL < 1 (favorable), RL = 1 (linear) or RL = 0 (irre-
versible). As presented in Table 3, the characteristics constant
values were all within the range (0.0142–0.126) of favorability.
The D-R adsorption mean free energy (E) of which specifies
whether the adsorption mechanism physical (E < 8 kJ/mol)

or chemical (8 < E < 16 kJ/mol) was also evaluated. The E
values of calculated which is between 1.943 and 3.789 kJ/mol
showed that the adsorption process of MB on ZnONPs-

FPAC is physical. The maximum adsorption capacity for
MB removal by ZnONPs-FPAC was 186 mg/g. A comparison
on the maximum adsorption capacity of MB adsorption on
different adsorbents from literatures is tabulated in Table 4.

3.4.6. Adsorption kinetics

The linear form of pseudo-first-order, pseudo–second-order
and intraparticle diffusion models as presented in Table 5 were

used to fit the experimental data of MB removal on ZnONPs-
FPAC. The intraparticle diffusion model was studied on MB
adsorption by ZnONPs-FPAC to determine whether the

adsorption process was controlled by intraparticle diffusion,
boundary layer diffusion or both. Where k1 is the rate constant
of adsorption (min�1), k2 (g/mgmin) is the rate constant of sec-

ond order adsorption; kip (mg/g min1/2) is the intra-particle
diffusion rate constant and C gives idea on the boundary
thickness.



Table 3 Langmuir, Freundlich and Temkin isotherm Dubinin–Radushkevich (D–R) isotherm models.

Temperature (K) qmðmg=gÞ KL(L/mg) R2 SSE %Dqe

Langmuir isotherm

308 131 0.372 0.911 20.98 17.89

318 148 0.525 0.839 48.48 19.02

328 186 0.722 0.972 60.27 21.45

Temperature (K) 20 mg/L 40 mg/L 60 mg/L 80 mg/L 100 mg/L

Langmuir dimensionless constant (RL)

308 0.126 0.0709 0.0435 0.0331 0.0272

318 0.0927 0.0475 0.0312 0.0237 0.0195

328 0.0691 0.0350 0.0229 0.0174 0.0142

Temperature (K) kf 1/n R2 %SSE %Dqe

Freundlich isotherm

308 26.623 0.421 0.979 4.31 10.86

318 31.672 0.381 0.955 7.98 12.02

328 49.948 0.329 0.956 2.69 12.33

Temperature (K) AT(L/mg) bT(kJ/mol) R2 %SSE %Dqe

Temkin isotherm

308 5.530 0.167 0.890 9.80 23.21

318 12.128 0.194 0.834 12.49 23.90

328 42.030 0.177 0.964 19.21 27.06

Temperature (K) qsðmg=gÞ kad mol2=J2
� �� 10�7 E(kJ/mol) R2 %SSE %Dqe

Dubinin–Radushkevich (D–R) isotherm

308 73.403 1.325 1.943 0.766 13.22 36.23

318 75.266 0.739 2.601 0.752 15.44 38.22

328 83.592 0.350 3.780 0.950 12.77 41.22

Table 4 Comparison of maximum adsorption capacity (qm) for MB with other adsorbents.

Adsorbents Maximum adsorption capacity (mg/g) References

PVA/PCMC/GO/bentonite 136.56 Dai et al., (2018)

AC from coconut shell 156.00 Yagmur and Kaya (2021)

ZSM-5 zeolite (CZ). 105.82 Ji et al., (2021)

Frozen alginate–clay 181.81 Uyar et al., (2016)

CH-Mt/PANI 111.00 Minisy et al., (2021)

Mesoporous coral limestones 34.24 Nkutha et al., (2020)

Alginate/Polyvinyl Alcohol - Kaolin Composite 17.33 Wang et al., (2018)

Carbon/mt 138.10 Tong et al., (2018)

Eucalyptus Bark 104.20 Dawood et al., (2016)

PANI/graphene oxide 14.20

Cedrela odorata (capsule-like interior) 158.50 Subratti et al., (2021)

Pine cone 117.65 Dawood et al., (2017)

Coating okra mucilage on biochar (BC) 78.13 Nath et al., (2021)

Activated carbon/cellulose 103.70 Somsesta et al., (2020)

ZnONPs-FPAC 186.57 This study

Table 5 Adsorption kinetic model equations.

Kinetic models Linear form Plot Parameters Reference

Pseudo-first-order logðqe�qt)= log qe�
k1t
2:303

logðqe�qt) vs t qe;cal; k1 Lagergren and Svenska (1898)

Pseudo-second- order t
qt
= t

qe
þ 1

k2q2e

t
qt
vs t qe;cal; k2 Ho and McKay, 1999

Intra-particle diffusion qt ¼ kipt
0:5 þ C qtvst

0:5 kip;C Weber and Morris, 1963
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The adsorption kinetic model plots for MB dye were pre-
sented in Fig. 11. According to results obtained in Table 6,
the adsorption of MB on ZnONPs-FPAC was best described

by pseudo-second order kinetic model (see Fig. 11 (a &b)).
This was based on the highest correlation coefficient values
(R2), smaller difference between the experimental adsorption

capacity (qe;exp) and the calculated adsorption capacity

(qe;calÞ, smaller adsorption rate constant, and low error analysis

(SSE and %Dqe) values when compared to pseudo-first order
(Liu et al., 2021a; Wang et al., 2021). Adsorption rate constant
decrease as initial concentration increase suggest that equilib-

rium constant is attained faster at a lower concentration than
at higher concentration (Obayomi et al., 2020b). Thus, the
modeling adsorption of MB on ZnONPs-FPAC seems to be

more suitable with pseudo-second order model. Similar finding
was reported by Yagmur and Kaya (2021) who reported that
pseudo-second order model is based on the assumption that

the rate-limiting step can be chemosorption involving valence
forces through sharing or exchanging electrons between the
adsorbent and adsorbate and the adsorption of MB was due
to the availability of active sites on the sorbent. The intraparti-

cle diffusion multi-linearity (three stages) plots signifies that
Fig. 11 Plots of (a) pseudo-first-order (b) pseudo-second-o
the adsorption process is controlled by two or more steps as
depicted in Fig. 11 c. The first stage could be attributed to
the MB diffusion through the solution to the external surface

of the ZnONPs-FPAC or the boundary layer diffusion of the
MB molecules (external diffusion); the second stage is referring
to the slow intraparticle pore diffusion (membrane diffusion);

the last stage could be due to the final equilibrium for which
the intraparticle diffusion starts to slow down due to extremely
low MB concentration left in solution (internal diffusion) (Ji

et al., 2021). Since the plot did not through the origin, there
was an indication that the intraparticle diffusion was not the
only limiting step but also by other adsorption processes.
The intraparticle diffusion rate constant, kip and the boundary

layer, C were observed to have increased with increasing in

MB concentration. This could be attributed to the increased
internal mass transfer process as against external mass transfer
which decreases as the boundary layer thickness increases (see

Table 6). The three stages present in the plot is an indication
that the adsorption mechanism of MB on ZnONPs-FPAC
involved intraparticle pore and external film diffusion (Doke
and Khan, 2017). The intraparticle diffusion multi-linear plot

has been reported by Pholosi et al., (2020).
rder (c) Intraparticle diffusion and (d) thermodynamic.



Table 6 Pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic models.

Dye conc. (mg/L) qe;expðmg=gÞ qe;calðmg=gÞ k1(min�1) R2 SSE %Dqe

Pseudo-first-order

20 18.31 4.925 0.0291 0.621 179.16 36.55

40 35.89 20.773 0.0397 0.879 228.52 21.06

60 55.08 27.195 0.0436 0.874 777.57 25.31

80 71.31 35.861 0.0473 0.875 1256.63 24.46

100 86.10 46.278 0.0509 0.873 1585.79 23.13

Dye conc. (mg/L) qe;expðmg=gÞ qe;calðmg=gÞ k2(g/mg.min) R2 SSE %Dqe

Pseudo-second-order

20 18.31 19.681 0.0150 0.996 1.88 3,74

40 35.89 42.644 0.00211 0.979 45.62 9.41

60 55.08 62.267 0.00206 0.991 51.65 6.52

80 71.31 82.988 0.00134 0.985 136.38 8.19

100 86.10 102.470 0.000917 0.980 267.98 9.51

Dye conc. (mg/L) Kipðmg=gmin0:5Þ C R2

Intraparticle diffusion

20 1.280 1.553 0.743

40 3.248 2.915 0.917

60 4.590 3.507 0.868

80 6.147 4.488 0.862

100 7.772 5.289 0.887
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3.4.7. Adsorption thermodynamic studies

The decision on the feasibility and spontaneous nature of MB
adsorption on ZnONPs-FPAC was revealed by thermody-
namic parameters such as free energy change (DG), entropy
change (DS) and enthalpy change (DH), were studied using
the distribution coefficient (Ko at different temperatures (308,
318 and 328 K). The adsorption free energy was evaluated

using the equation:

DG ¼ �RT lnKo ð7Þ
The Van’t Hoff equation was used to evaluate the thermo-

dynamic parameters such as change entropy (DSÞ and enthalpy
(DHÞ and the equation is given as:

lnKo ¼ �DG
RT

¼ DS
R

� DH
RT

ð8Þ

The thermodynamic distribution coefficient was evaluated
using the equation given as:

Ko ¼ qe
Ce

ð9Þ

where R is the universal gas constant (8.314 J/Kmol); T is the
absolute temperature (K); Ko is the distribution coefficient.

The slope and intercept of lnKoagainst
1
T
plot (Fig. 11d) which

gives a linear graph was used to evaluated the values of (DHÞ
and (DSÞ. The thermodynamic parameters obtained at differ-
ent temperature was presented in Table 7. The thermodynamic
Table 7 Thermodynamic parameters.

T (K) DGðkJ/mol) DHðkJ/mol) DSðJmol/K) R2

308 �5.534 4.887 0.150 0.986

318 �6.772

328 �8.537
parameters evaluated revealed that the values of DG obtained
were negative and decreased with temperature increased, sug-
gesting that the adsorption of MB on ZnONPs-FPAC was
spontaneous and favourable at high temperature. The positive

DH value indicate that the adsorption process was endother-
mic. This was in agreement with the adsorption isotherms,
where the maximum adsorption capacity was seen to have

increased with increased temperature. The positive DS value
implies that the degree of freedom increased at the
adsorbate-adsorbent interface during the adsorption process.

The DH value of 4.887 kJ/mol which lies between 2.1 and
20.9 kJ/mol suggest that the adsorption process is physical
are is mostly dominated by weak forces (Yagmur and Kaya,

2021).

3.5. ZnONPs-FPAC reusability on MB removal

Reusability is one the ways to economically measure the ability

of a good adsorbent. The result depicted in Fig. 11, showed
that the recovered adsorbent was promising, with slight
decrease in the percentage removal of MB after five times of

use and there was no noticeable adsorption performance loss.
The MB removal percentage of MB that was sustained even
after five cycles was 95% (see Fig. 12).

4. Conclusion

In this study, ZnONPs-FPAC was successfully developed by loading

T. diversifolia mediated ZnONPs on the surface of flamboyant pods

activated carbon (FPAC). Antibacterial activities were examined for

FPAC, ZnONPs and ZnONPs-FPAC. The results revealed that

ZnONPs showed better antibacterial activities due to the synergistic

effect of bioactive phytochemical constituents in the plant extract.

The developed materials were subjected to characterization using

XRD, FTIR, SEM/EDX and BET techniques. The FPAC, ZnONPs

and ZnONPs-FPAC exhibited high BET surface area of 744.66,
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Fig. 12 Reusability of ZnONPs-FPAC nanocomposite for MB

dye removal (Co = 100 mg/L; T = 308 K; W = 0.1 g; pH = 10).

Biosynthesis of Tithonia diversifolia leaf mediated Zinc Oxide Nanoparticles loaded 19
241.20 and 794.48 m2/g. The potential applicability of ZnONPs-FPAC

composites was tested on the uptake of MB dye. The effect of various

adsorption parameters such as adsorbent dosage, initial concentration,

contact time and pH were test in a batch experiment. The maximum

adsorption capacity of MB on ZnONPs-FPAC was calculated as

186 mg/g. The experimental data were tested in terms of isotherms,

kinetics and thermodynamic studies. The results revealed that the iso-

therm and kinetic models were well fitted to the Freundlich and

Pseudo-second order model equations. According to the thermody-

namic results, the adsorption of MB on ZnONPs-FPAC was favour-

able, spontaneous, endothermic and physical in nature. The

reusability of ZnONPs-FPAC after MB adsorption, revealed that it

can be used couple of times before disposal. These findings confirmed

the effectiveness of ZnO/activated carbon nanocomposites for MB

adsorption and also demonstrated significant potential for further

research into the effective removal of other dyes. Aside from their

excellent adsorption performance, the antimicrobial profile of ZnO

promotes their effective use in water management.
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